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Backg round 

The etiologic agent of Chagas' disease is an obligate intracellular protozoan 
parasite, Trypanosoma cruzi. In mammalian hosts T. cruzi cycles between a 
trypomastigote stage which circulates in the blood and the amastigote stage which 
20 replicates in the cytoplasm of infected host cells (primarily muscle). Chagas' 
disease is prevalent in almost all Latin American countries including Mexico and 
Central America, where approximately 18 million people are infected with T. cruzi 
and roughly 50,000 children and adults die of chronic Chagas' disease every year 
due to lack of effective treatments. More than 90 million are at risk of infection in 
25 endemic areas. Additionally, 2-5% of fetus carried by infected mothers in endemic 
areas are either aborted or born with congenital Chagas' disease. Loss of revenue in 
terms of productivity lost due to sickness and medical costs have an overwhelming 
effect on economic growth of these countries. In the U.S., 50-100 thousand 
serologically positive persons progressing to the chronic phase of Chagas' disease 
30 are present, and the number of infected immigrants in developed countries is 

increasing. Therefore, the risk of transmission of T. cruzi to non-infected indiv iduals 



through blood transfusion and organ transplants from the infected immigrant donors 



exists. 



Attempts to control the vector have been made in an effort to control or 
prevent T. cruzi infection. Government funded programs for the reduviid vector 
5 control and blood bank screening in the developing South American countries have 
been effective in reducing the transmission of T. cruzi. However, the operational 
costs to maintain such control programs, behavioral differences among vector 
species, the existence of animal reservoirs, and the persistence of parasites in 
chronically infected patients prevent these control measures alone from completely 
10 controlling T. cruzi infection. 

Chemotherapeutic treatments, a potential means by which parasite load in 
the acute or chronic phase of the disease development and thereby the severity of 
disease can be reduced, have been partially successful in controlling T. cruzi 
infection and Chagas' disease. However, the high toxicity of drugs and poor 
1 5 efficacy of available therapeutics have combined to limit the utility of 

chemotherapy for treatment of both acute and chronic patients. Further, drug 
therapy reduces the severity of disease in chronically infected individuals, but 
cannot reverse the damage already done by parasites. 

Vaccines for prevention or treatment of T. cruzi infection are practically 
20 non-existent. Traditional vaccines constituted of heat-inactivated parasites, or 
subcellular fractions of T. cruzi provide a degree of protection from T. cruzi 
infection (M. Basombrio, E xp. Parasitol . 71:1-8 (1990); A. Ruiz et al., Mol. 
Biochem. Parasito l. 39:1 17-125. (1990)). However, these vaccines failed to elicit 
the protective level of immunity, probably due to loss of important epitopes during 
25 inactivation and/or the failure of the antigens to enter the MHC class I pathway of 
antigen processing and presentation and elicit cell mediated immune responses (J. 
Monaco. Immunol. Today 13:173-179(1992)). Live attenuated vaccines are 
capable of entering the MHC class I pathway, and might elicit protective immune 
responses. However, the danger of reversion of attenuated parasites to virulent 
30 strains if attenuation is not complete renders these vaccines impractical. A DNA 



vaccine containing the gene encoding a trans-sialiadase has been shown to provide 
prophylactic protection against T. cruzi infection in mice (F. Costa et al., Vaccine 
16:768-774 (1998)), but has not been shown to prevent or reverse disease or to 
stimulate a CD8 + T cell response in the animal. In another report, specific cellular 
5 and humoral immune response in BALB/c mice immunized with an expression 
genomic library of T. cruzi was observed (E. Alberti et al., Vaccine 16:608-612 
(1998)). 

Most vaccine research has centered on attempts to develop prophylactic 
protein vaccines against T. cruzi infection, and has met with little success. The 
10 development of subunit vaccines composed of defined antigens which are capable 
of inducing strong humoral and type 1 T cell responses and reducing the parasite 
burden has been hindered by the lack of knowledge of the biology of the three 
developmental stages of T. cruzi, the lack of sufficient sequence information on 
genes expressed in the infective and intracellular stages, and the prevailing 
15 scientific view that chronic disease is not associated with persistent parasitic 

infection but is the result of a parasite-induced autoimmune response. The presence 
of polyclonal activation of B and T cells during the acute phase of infection, the 
difficulty in demonstrating the existence of T. cruzi in the hearts of hosts with 
severe cardiac inflammation, and the presence of antigens that are shared or cross- 
20 reactive between heart and parasites have been used to promote the idea that anti- 
heart autoimmune lymphocyte cytotoxicity or humoral immune reactions are 
responsible for the development of Chagas' disease. A corollary to this view is that 
vaccination against T. cruzi infection or boosting the immune response of infected 
individuals will exacerbate the disease. On the other hand, immunohistochemical 
25 detection of the T. cruzi antigens or detection of T. cruzi DNA by sensitive in situ 
PCR or reverse transcriptase (RT)-PCR techniques in chronic chagasic cardiopathy 
in murine models (Y. Gomes, AdpI. Biochem Rint^hnni 66:107-1 19 (1997); E. 
Jones et al - Am. J.Trop. Med.Hyg. 48:348-57 (1993); M. Reis et al.. Clin. 
Immunol. fmmunop athol. 83(2): 165- 172 (1997)) as well as humans (J. Lane et al., 
30 Am. J. Trop. Med Hy E . 56:588-595 (1997)) has been reported. Also, a direct 



correlation between myocardial inflammatory infiltrates and the presence of 
parasites and development of chronic heart failure in a murine model using heart 
transplantation (R. Tarleton et al., Proc. Natl. Acad Sri in a 94:3932-3937 
(1997)), and in chagasic patients using endomyocardial biopsies (M. Higuchi et al., 
CJiiLCardiol. 1 0:665-670 ( 1 987)) has been demonstrated. See R. Tarleton et al., 
Parasitology Today 15:94 (1999) for a review. 



Summary o f the Invention 

The present invention is directed to prophylactic and therapeutic 
10 immunization of mammals against protozoan infection and disease. Medical uses in 
humans to prevent or treat protozoan infection, and veterinary uses in other animals 
to prevent or treat protozoan infection or to control transmission of infection are 
examples of contemplated applications. 

In one aspect, the invention provides a vaccine that is effective to treat or 
15 prevent infection ofa mammal by a protozoan. Examples of protozoans against 
which a vaccine of the invention is effective include Trypanosoma, Leishmania, 
Toxoplasma, Eimeria, Neospora, Cyclospora and Cryptosporidia. In a particularly 
preferred embodiment, the vaccine is effective against T. cruzi infection and/or 
disease caused by T. cruzi. The vaccine can be a polypeptide vaccine or a 
20 polynucleotide vaccine, and can include one or more immunogenic components. A 
polynucleotide vaccine contains one or more polynucleotides containing a 
nucleotide coding region that encodes an immunogenic polypeptide derived from 
the protozoan. Analogously, a polypeptide vaccine contains one or more 
immunogenic polypeptides derived from the protozoan. 
25 The immunogenic polypeptide included in the vaccine or encoded by a 

nucleotide coding region included in the vaccine is preferably a surface-associated 
polypeptide, such as a GPI-anchored polypeptide, or a secreted polypeptide. In 
embodiments of the vaccine targeted to T. cruzi, the immunogenic polypeptide is 
preferably one that is expressed in a T. cruzi amastigote. 
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The vaccine of the invention preferably stimulates an antibody response or 
a cell-mediated immune response, or both, in the mammal to which it is 
administered. More preferably the vaccine stimulate a Thl -biased CD4 T T cell 
response or a CD8 + T cell response; most preferably, especially in the case of a 
5 single component vaccine, the vaccine stimulates an antibody response, a Thl - 
biased CD4 + T cell response and a CD8 + T cell response. A particularly preferred 
embodiment of the polynucleotide vaccine of the invention includes a nucleotide 
coding region encoding a cytokine, to provide additional stimulation to the immune 
system of the mammal. A particularly preferred embodiment of the polypeptide 
10 vaccine of the invention includes an immunogenic polypeptide that contains a 
membrane translocating sequence, to facilitate introduction of the polypeptide into 
the mammalian cell and subsequent stimulation of the cell-mediated immune 
response. 

Pharmaceutical compositions containing immunogenic polypeptides or 
1 5/ polynucleotides encoding immunogenic polypepdtides together with a 
pharmaceutical carrier art also provided. 

In another aspect, the invention provides a recombinant method of making a 
vaccine that is effective to treat or prevent infection of a mammal by a protozoan. 
For example, a multicomponent polynucleotide vaccine is made by inserting two or 
20 more nucleotide coding regions encoding an immunogenic polypeptide derived 
from the protozoan into two or more polynucleotide vectors, then combining the 
polynucleotide vectors to yield a polynucleotide vaccine. In another example, a 
multicomponent polypeptide vaccine is made using two or more expression vectors 
that contain a nucleotide coding region that encodes a membrane transducing 
25 sequence, into which nucleotide coding regions encoding an immunogenic 

polypeptide derived from the protozoan have been inserted in frame. This yields a 
construct encoding an immunogenic fusion protein that contains membrane 
transducing sequence linked to the immunogenic polypeptide. Suitable host cells 
are transformed with the resulting expression vectors, and expression of the 
30 immunogenic fusion proteins is initiated. The fusion proteins are purified. 
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optionally destabilized with urea, then combined to yield a polypeptide vaccine. 

In another aspect, the invention provides methods for treating or preventing 
infection of a mammal by a protozoan. A vaccine of the invention can, for example, 
be administered therapeutically to a mammal harboring a persistent protozoan 
5 infection. In one embodiment of the therapeutic administration of the vaccine, 
administration of the vaccine is effective to eliminate the parasite from the 
mammal; in another embodiment, administration of the vaccine is effective to 
prevent or delay chronic debilitating disease in the mammal. Alternatively, a 
vaccine of the invention can be administered prophylactically to a mammal in 
10 advance of infection by the protozoan. In one embodiment of the prophylactic 
administration of the vaccine, administration of the vaccine is effective to prevent 
subsequent infection of the mammal by the protozoan. In another embodiment, 
administration of the vaccine is effective to prevent the development of chronic 
debilitating disease the mammal after subsequent infection by the protozoan. In yet 
1 5 another embodiment, administration of the vaccine effective to prevent the death of 
the mammal after subsequent infection by the protozoan. 

The method of treating or preventing protozoan infection of a mammal also 
envisions administering both polynucleotide and polypeptide vaccines 
prophylactically or therapeutically to a mammal in a protocol that includes multiple 
20 administrations of the vaccine. For example, the mammal can be first immunized 
with a polynucleotide vaccine of the invention, then boosted at a later time with a 
polypeptide vaccine. Different types of vaccines (i.e., polynucleotide or 
polypeptide vaccines), or vaccines of a single type containing different components 
(e.g., plasmid DNA, viral DNA, vaccines including or encoding different 
25 immunogenic polypeptides, with or without cytokines or adjuvants) can be 

administered in any order desired. An example of a serial protocol involves first 
administering to a mammal a plasmid DNA vaccine, then later administering a 
polypeptide vaccine or viral vector vaccine. Another example involves first 
administering to the mammal a viral vector vaccine, followed by administering a 
30 polypeptide vaccine. 
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In another aspect, the invention includes a method for identifying 
immunogenic protozoan polypeptides from a protozoan genomic library, for use in a 
polynucleotide vaccine. In one embodiment, the method utilizes expression library 
immunization (ELI) in mice to identify protozoan polypeptides that elicit an 
5 immune response in a mammal effective to prevent the death of the mammal or to 
arrest or delay the progression of disease in the mammal associated with infection 
of the mammal by the protozoan. Preferably, the method is used to identify 
immunogenic polypeptides derived from T. cruzi, and BALB/c or B6 mice are 
immunized. In another embodiment, the method involves 

10 (a) preparing a DNA microarray comprising open reading frames of T. cruzi 

genes; 

(b) preparing a first probe comprising Cy3-labeled trypomastigote-derived 
T. cruzi cDNA; 

(c) preparing a second probe comprising Cy5-labeled amastigote-derived 

15 cDNA; 

(d) cohybridizing the first and second probes to the microarray to identify at 
least one gene whose expression is upregulated in T. cruzi during the intracellular 
amastigote stage of the infectious cycle, which gene encodes a candidate 
immunogenic T. cruzi polypeptide; and 

20 (e) immunizing mice with the gene to determine whether the gene encodes 

a T. cruzi polypeptide that elicits an immune response in a mammal effective to 
prevent the death of the mammal or to arrest or delay the progression of disease in 
the mammal associated with infection of the mammal by T. cruzi. 
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Brief Desc ription of the Fig ures 



Figure 1 shows T. c/-wz/-specific serum antibody response in TSA-1 DNA 
vaccinated BALB/c and B6 mice. The presence of parasite-specific antibodies was 
assessed by ELISA using a 1 : 1 00 dilution of sera pooled from individual tail blood 
30 samples (4 to 5 mice per group) and collected 3 and 2 weeks after first ( 1 ) and 



second (2) vaccination. Negative and positive controls were sera from normal mice 
(NMS) and from mice acutely infected with T. cruzi (TcIS). 

Figure 2 shows induction of long-lasting TSA-l 515 . 522 - S pecific, CD8+ T 
cell-dependent, MHC class I-restricted CTL in TSA-1 DNA-immunized B6 mice- 
5 (A) Immune splenocytes obtained 2 weeks after the second vaccination; (B) 

Immune splenocytes from DNA vaccinated or T. reinfected mice were obtained 
7 and 6 months after the second vaccination or parasite challenge, respectively; E:T 
represents the ratio of effector cell to target cell. 

Figure 3 shows induction of parasite-specific, MHC class I-restricted and 
10 CD8+ T cell-dependent CTL response in TSA-1 DNA-immunized BALB/c mice- 
(A) unstimulated effectors and (B) infected J774-stimulated effectors. 

Figure 4 shows (A) parasitemia and (B) mortality in TSA-1 plasmid DNA 
vaccinated B6 mice. Values represent mean ± SEM in surviving mice. 

Figure 5 shows (A) parasitemia and (B) mortality in TSA-1 plasmid DNA 
5 vaccinated BALB/c mice. 

Figure 6 is a schematic of plasmid P CMVI.UBF3/2 engineered to contain 
TSA-1, ASP- 1 orASP-2. 

Figure 7 shows that humoral immunity induced by intramuscular 
immunization of B6 mice with T. cruzi antigen-encoding plasmids is enhanced by 
) cytokme adjuvants; (A) T. cruzi specific antibody levels; (B) Antibody sub-types in 
mice immunized with genetic vaccines. 

Figure 8 shows induction of cellular immunity by intra-muscular 
immunization of B6 mice with T. cruzi antigen-encoding plasmids; (A) Percent 
specific lysis as an indicator of CTL activity in mice immunized with T. cruzi 
antigen-encoding vectors; (B) Induction of T. cruzi specific CTL activity by genetic 
vaccines is augmented by co-injection of cytokine encoding vectors; (C) Serum 
level of IFN-Y in DNA immunized mice. 

Figure 9 shows (A, C) parasitemia and (B, D) mortality in mice immunized 
with DNA vaccine containing plasmid CMVI.UBF3/2 encoding ASP-1. ASP-2 or 
TSA-1 (C, D) with or (A. B) without cytokine adjuvants. 



8 



Figure 10 shows that elicitation of protective immune responses by multi- 
component nucleic acid vaccine can be augmented by cytokines. Two weeks after 
the second immunization, measurements of (A) serum antibody levels (using 
ELISA) and (B-E) CTL activity were made. For quantitation of CTL activity, 
5 splenocytes from immunized mice were stimulated in vitro with antigen-specific 
peptide (B) PA8, (C) PA 14, (D) pe P 77.2 or (E) a mixture of PA8 + PA14 + pep77.2 
(E). Effectors generated from these splenocytes were then tested in a 5 hour 5 l Cr 
release assay against RMA-S target cells sensitized with either the homologous 
peptide (PAH, PA8 or pe P 77.2, open symbols) or pulsed with non-specific peptide 
1 0 (OVA257-264, filled symbols). 

Figure 1 1 shows (A) parasitemia and (B) mortality in mice immunized with 
multi-component nucleic acid vaccine and infected with T. cruzi. 

Figure 12 shows hematoxylin and eosin stained tissue sections from skeletal 
muscles of DNA immunized mice during acute phase of T. cruzi infection. C57BL/6 
15 m,ce were immunized with (A) vector DNA, (B) cytokine plasmids, (C) antigen- 
encoding vectors, and (D) a mixture of ASP-1, ASP-2, TSA-1 expression constructs 
+ cytokine expressing plasmid twice at 6-week intervals. Tissue sections for 
histological analysis were obtained 45 dpi. Parasite infected cells are indicated by 
arrows. Original magnification 200X. 
20 Figure 13 shows control of tissue inflammation and parasite burden by 

prophylactic DNA immunization. Histological analysis of skeletal muscles of mice 
immunized with (A) vector alone, (B) cytokine-expressing plasmids, (C) ASP-1, 
ASP-2 and TSA-1 -encoding plasmids, or (D) a mixture of antigen-encoding 
constructs plus cytokine adjuvants. 
25 Figure 14 shows the effect of depletion of T cell population on protective 

efficacy of DNA vaccines against T. cruzi infection; (A) parasitemia; (B) mortality. 
Figure 15 shows control of tissue inflammation and parasite burden by 
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therapeutic DNA immunization. ^ ^ 

1";! I"' VeC ' OT a '° ne ' ^« « (C) ASP-,, 
ASP-2 and TSA-, -encoding piasmids, or (D) a mixture of antigen-encoding 

constructs plus cytokine adjuvants. 

5 Figure 16 shows mortality for B6 mice vaccinated with antigen ( AS p , 

SP-2 and ISA-,, encoding vectors (B) with or (A) without cytokines (1L-12 and 

GM-CSF) express™ constats as a taction of days post-infection (dpi, 

figure 1 7 shows (A) T. Specific sen™ antibody levels in C3H mice 

vaccinated with antigen (ASP- 1 ASP ? anA tc a i> 
10 wM, , A:,FI 'AM>-2andTSA-l)encodmg vectors with and 

10 wlt hout cytokines (IL-12 and GM-CSF), together with (K\ hi a ■ . 

m ™™ ,. J ' gemer v ™ W bl <xxl parasite levels and 

(C) mortality as a taction of days post-infection. 

Figure 1 8 is a schematic of plasmid pTAT/pTAT-HA used produce 
polypeptides capable of ttauslocatir* across mammalian plasma membranes 
^ Figure 19 shows the coding region „f r. rt Ly1 prolein ^ 

Ove, ^00 natural mammalian hosts arc kuown for T. c r „ zi , miT , cruzicm 

mmumzed in accordance with the invention. Preferred vaccine recipients include 

20 -^o^ca.m.ssuchasdogsandcats.rodentsandwildlifea.mals. 
Preferably, the mammal tha, is immunized is a dog, a cat, or a human. 

25 sta K J" mamma ' ian ^ " ^ CyClK ^ 3 

* ge (the amashgote) M d a non-replicative extracellular Oypomastigotc form 

*C circulates in the blood. The presence of two developmental surges of r cruzi 
» —an hosts provides two anatomically and (,o some degree, antigenical, 
targets of immune detection - the uypomas,,^ ln me ^ J 
.he amastigotes in the cytoplasm of infected cells. The intracellular location of 
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wherein i, is n0 , susceplible , 0 immmK ^ contoi ^ 

,„ r ™, have fargeiy ce„,ered around me ^ 
or the extracellular stage. 



a 8 ai„s, I mVe °" 0n Cha " e " 8eS ~ 

r rr 8otes by providin& in a ^ emw ^ — * - 

-•hods by whtch immune responses ,„ amas,i g „, e s „ „ poIentia(ed 

^'^rt-wt.^^ Tothisend 

app^ach of ,he pre se nt invention involves ^ • 

a °r on ; s *** chai,en8ed by fc sdemif,c ■»* — ^ - 

d.sease deveiopmen, f„„„wi„ g « , ctuzi infecion is „o, „ autoimmune 
response bu, i„s,ead is dependent upon the pe.is.en, prese „ce ofparasi.es in 
..*ue, Prions studies based on the autoimmune «heo v of disease devest 
pred,c,ed fta, g e„ e ,ic ^ against , ^ 
deveiopmen,, however it is shoM , jn Exampk n ^ genet . immimiza(ion 

pnor to exposure ,„ T. cruzi reduces disease development. 

Tne antibody respond to T. cruti u^mastigotes has been ^ 
and numerous specific .arge* ofms response ^ 
vacc,„a,e experiment hosts us i„ g Uksc .arge, mo ,e Cules in proloco|s 
pnmanly anttbody respond (accompanied by ,i„,e ,o no cellular immune 
-ponse) have no, been very ftui.fi,,. Wi raou , i„, endin g t0 be 
Proposed U,a, a,m„ ugh an.ibc.ies may be for 

example, mice,acki„ g me abiii^ ,„ make anfibcKiies by virme of the muMT 
-ar g e,ed deletion live s ignificantly |onger ^ d<> ^ ^ ^ ^ ^ 

ceNs bu, do evemuaHy die. even when infected with W ry ,„» nwnbers of 
Parasues. ,, is of courS e pe,^ that vaccine , nduced ^ 
prov.de g ood pr„,ec,io„ because ,he wrong ,arge, moiecuies are used for *e 
,mmuniza,i„„ or because „o,pro,ec,ive isorypes of antibodies are e,ici,ed by ,he 
—ion. However, we believe i, is more likely ma, pro.ec.ive hnmuniry 



response. ^ cell-mediated immune 

Z The Th, set ^ IT " ^ " ™^ «° 

protective an, ibody res e ' ^ " *° '° te ~ - * i„ duction of 

"» (CTL) response t T B ^ 6C,0rS " ^ ~ 
v ^response. Infections in mice depleted of TM v 

knockout raice provide soM ^ mi - in gene- 

~on.ro, of r cni , 7 a ^ Sector m echa„is m is important t0 

» —* Drtg C2 o Tr mesys,emviadass,MHc - 

metabolism r cruzi «u. d ' ff ^""a«on, replication and 

cytoplasmic proteins are susceptible ,nH ... 

siting pepfe can ta ' '° degIada " 0n "* I"*-™ and the 

conKrasoftecytopiasmandtodisplavtothe- San "" e 

cJass 1 MHC are presumably ignored by the 
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Senses cap,,,,, ofJdui P J M «C complex can in]tiate fe 

5 Pathogen withh, 8 «"~ollm gme growth „ ft „ e 

Primarily during ^ m J»*» expressed in r 

recognize ^ ' "* »— with chro™ 7! cruzi 

*e stimulation of a CDS* T cell ™ ' '"^ ma y be an important result of 
° ' ceil immune response. 

15 "f^fcinctimmuneresponses ft I ' " ^ ^' ^ s '™*e all three 

Auction and, ,„ . , esser ex|effl " reSpon ». Principally arttibody 

of tee surface^ «, elicjt w f **" « G1> '-"ored and many 
^-hoHn^echanismin;:::;^ <n addition, the 

Pon™ of P ro tti „ s targeted for op , * VBy ^ ™» a signify, 

GPI anchor (N. Garg et al , Bio, c ' 7 " 8 ^ *e addition ofa 

* ---.cretedp^ 2^^ ^ 

~ * *- 1 MHC molecuies and e, cit , he C51 ° PlaSm ' « 

0" secular amastigotes wi ^ P '° 4m "' n ° f CTL 

Lastly, sign ,, canl ^ „ ^ " > «"»*. ^iflc for the 

^*<^^ C3T T- "" ,, * ,, 

P,anchored P^eins appea, , obe 
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excellent targe* f„ r slimulalion „ f 

responses, and CDr T cell responses. T *" 

^^'In-Wucedimmriyto T cruzi 
5 can tak e I^^Tr ^ ^ ^ ™ '~ " 

that a vaccinated n^thn * ° 8 immunit y" means 

50% - of people infected ^ , J^^T b " "* W 

c» be reached in an infected hos, between an effective ^ ' 

embodiment thev a ^i„„ r • "meal disease. Thus, in another 

preferablv 7 3 ** reSP ° nSeS *" « «° delay or 

preferably, prevent disease development i.r, , y ' 

20 persistence of parasi.es "'"^ individu * d «P"c *e 

vaccine can beT 3 VaCC ' ne '"^ ™« '»"»*" *is 

vaccine can be administered pronhvlartrVaii,, • j 

after infectio bit ^7 ^ " 

<*~ state. This embodtaent! ,he * ' 

^y«c//c and therapeutic immunization 
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vaccine to infected subjects is effective to delay or prevent the progression of the T 
cruzi mfection to a chronic disease state, and also to arrest or cure the chronic 
disease state that follows T. cruzi infection. Prophylactic administration of the 
polynucleotide or polypeptide vaccine to uninfected subjects is effective to reduce 
5 e.ther or both if the morbidity and mortality associated with infection by T. cruzi. 
Further, if an uninfected, vaccinated subject is subsequently infected with T cruzi 
the vaccine is effective to prevent progression of the initial infection to a chronic ' 
disease state. As discussed in more detail hereinbelow, the vaccine can contain or 
encode a single immunogenic polypeptide or multiple immunogenic polypeptides. 
1 0 In another preferred embodiment, the invention is directed to therapeutic 

immunization against other protozoans using a polynucleotide or polypeptide 
vaccine that preferably stimulates an antibody response, a cell-mediated CD4+ 
immune response and a CDT immune response. The vaccine is administered to a 
mammal infected with a protozoan in the form of a persistent intracellular presence 
15 or state. It is contemplated that the vaccine can cause the mammal to either clear 
the parasite (thereby effecting a "cure"), or at least arrest development of disease 
thereby preventing or delaying progression of the disease to a chronic debilitating 
state. For example, the multicomponent vaccine of the invention is expected to be 
effective against Leishmania, Toxoplasma, Eimeria, Neospora, Cyclospora and 
20 Cryptosporidia as well as T. cruzi. It is to be understood that the immunogenic 
polypeptides used in the vaccine, or the nucleotide sequences encoding them, are 
derived from the protozoan against which the vaccine is directed. Methods for 
identifying nucleotide sequences encoding such polypeptides from a protozoan 
genomxc library using, for example, expression library immunization (ELI) or DNA 
25 rmcroarray analysis are described below for T. cruzi but are equally applicable to 
other protozoans. 
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Advantages of a genetic vaccine 

The choice of polynucleotide delivery as an immunization technique offers 
several advantages over other vaccine or antigen delivery systems. Vaccines 
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contauung genetic Serial a. favored over rational vaccmes because of the ease 
of condor, and production of ft, vectors, the po,e„ ti a, f„ r modification o(lhe 
sequences by si«e-direc«ed mutagenesis to enhance the antigenic potency of the 

«. of DNA vaccnes, U,e sl abi, ity of DNA, the ,ac k of the dangers associated w it h 
Uve and attenuated vaccines, their abiHrv to induce both humora, and eel, mediated 
.mmuntty and, in parted, C D8' T cell responses, and the persistence of the 
■nttnune response, SuC c e ssfu, induction of humoral and/or ce.lular immune 
-pons, to p^mid-encoded antigens „si„ g various routes of gene delivery have 
been shown to provide partial or complete protection against numerous infectious 
agents tncluding M„ virus, bovine herpes vtas 1, human hepatitis B vims 
human immunodeftciency vints-,, as we,, as pa^tic protozoans UbfwL 

a Donnelly e, a,., i^^Umm^. 15:617-648 (.997)) 
Representative paper, describing the use of DNA vaccines in humar. and primates 

meludeV. E „dresze,al.(V aa m £ , 7: 50-58(,999,),M.McCluskieetal (Mo, 
Med. 5:287-300 (,999)), R. Wang eta,. (lo&Uounuo. 66:4,93-202 (,998^ U 
Bo-gne e , a, (mSm 240:304 . 3 15 (1998)) , c . Tacke , „ a , ^ ^ 

2 1 IT' (ymim 1 7:3065 " 71 (1999)) md «• w -« « 

8 (5388 476-80 („9 8)) . ^ ability t0 ^ ^ ^ ^ ^ 
delivery of genes encoding cytokines is also well-established. 

Polynucleotide vaccine 

The polynucleotide vaccine of the invention includes a. leas, one 
preferably a, leas, two. nucleotide coding regions, each coding region encoding an 
unmunogemc polypeptide component from T. cruzi. When i, contains te „ „ r more 
nucleotide coding regions, the polynucleotide vaccine is referred to herein as a 
"—component" polynucleotide vaccine. „ ,s desirab,e to minimize the number 
of different tmmunogenic peptides encoded by the nuCeotide coding regions in 

«^'>-,e„,idevacci„e ; h„weve,i, i s„o„e,helessco n ,emp,a,ed,ha, a 
polynucleotide vaccine tha, generates the highest ,eve, of protection wi„ encode ,0 
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or more immunogenic polypeptide, Th , 

RNA, a modified nucl I ~ ^ f™* «- -main DNA, 

-pHsesapl^of e "l"; P 7 S ' 0n — ■«*-*, the vaccine 

,g region m a mamma ian cell m ,j 

vector preferably i„ c | udes . elllfm ,. below ' An expression 

"> - ** RNA polymerase in a K „ ^f^"" ^ «* » ' ^ s igna , 

operablyWed.,0,^,^ tne DNA. Apromoteris 

or regu/ a ,e trartscripta of „, , ^ °' Ca " control 

Prefer, „„ we v r , * ~' ^ 3 * - 

---b^r^ 

There are numerous plasmids known to rhose of „ „• 

Polynucleotide vaccine of i„v, ,• embodiments of (he 

(Vical ,„ c San D 'Z ""*» ~ -ing tne plasmids 

nVjtrogen Corporation. Carlsbad. CA) as the vector. 
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vecor c 0nstmct ^ con[ai „ iammo »• 

B7-2CD40 7* ' n ' 2(IL -' 2,andco - s,1 "»"'"'»ym»lecule SSU chB7.1, 
response of lhe ^, ^ sys , em> ^ 

tao Producl taimng ^ ^ ^ a 

ce,.. An ahernanve approach ,o de,iveri„ g ihe po ly „ ucl e ot i de to m rtn „ 

"Molecular b,o,o gy , a, exemplified in ,» e following The 

'7'°; shou,d * - - M „ 8 melhods of maki g „, ; e 

polynucleotide vaccine. " using the 

30 
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Polypeptide vaccine 

leas, J^S™" ^ ° f ^ inVen ' i0n inC ' Ud£S " « « 

polypeptides supplied m „ vaccine; ^ „ . 

P»lypepe,,de vaccine ma, „ te Wghest , eve , „ f ^ > ^ 
more tmmunogenic polypeptides. 

Because a CD8* T cell response cannot normally be directly triggered by 

■0 « — i-mepolypeptide^i^^^,^^^ 

tat A membrane transporting sequence allows for report „ f tte immunogenic 
Pdypep ^acrossanpidbilayer.allowingittobedeliveredtome instdeofa 
— ancell. a partic^y preferred embodiment, tbe irnm^c 
Mypepttdes are shocked v*. urea, as describe furmer ,„ Exampie V,„ prioI , 0 
^vaccine. From there, portions of the polypeptide can be 

m*e ^TcChmmuneresponscApolypeptidevaccineoftheinvention 

25 Immunogenic polypeptide 

from met t'T"" P °' Wide " ^ 3 Pr ° ,020an » ' «ved 

30 r -Ponse).orac„mbi„a,io„,here„f. A cell-mediated 

response can ,„ volve the mobiliza , ion ^ y ^ 
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rf----~"^rs: ( :r ,i *- 1 

pecfic tag* „f a po^ ofmino acids for 
- An immunosenic polypeptide for use in ,r • • 

2 « B^teU^. 46:189-200 Uvr „ T " ^ ^ 

and ASP 2 tT •„ 200 (I99J), GenBank Acc. Number M58466), ASP-1 

('997), GenBank Acc. Number U74494)) and ASP 2 rr •„ •. 

,u u 7^ ( \ Ge nBank Acc. Number U779S i * 

u t . T 1 cel,s b y ^ crwz/, such as th^ 

hemolysm, and the Lytl protein (porin) \ 
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■■nmunogenic polypeptide that constitutes in „ amastigote-expressed CDr T eell 
>arge, moieeuie As noted above, the induction of T helper cell responses skewed 
toward the production of type I cytokines such as IL-2 and IFN-y which 
presumably potentiate antibody responses and macrophage activation, is also of 
substantia, impose in immunity , 0 T , cruz , „ is ^ ^ 

particularly preferred embodiment, the vaccine of the invention contains a plurahty 
of tmmunogenic polypeptides (or, in the case of a polynucleotide vaccine a 
Plural,* of nucleotide coding regions encoding immu„ 0 g enic ^ 
that ,„ combination the immunogenic polypeptides stimulate a„ three immune 
^onses identified herein, namely a protective antibody response, a Thl-biased 
T cel1 res P° nse . and a CDS' T cell responses. 
An immunogenic polypeptide used to the compositions of the invention is 
no. Itmited ,„ a nattily occurring immunogenic protozoan polypeptide; i, can 
mclude an immunogenic fragment or immunogenic analog of a protozoan 
polypeptide. Likewise the immunogenic polypeptide can be a multivalent 
Polypepdtide ma, has been engineered to include epitopes obtained from different 
monogenic polypeptides of the protozoan. An immunogenic a^log „f an 
■mmunogenic protozoan po lypeptide „ , ^ ^ ^ ^ ^ 

actd substitutions, insertions , M ddet ,, ns relat . v£ (o m immwo ^ protoan 

polypeptide, such that immunogenic^ is »„, entirely eliminated. Substitutes for an 
-no acid are preferably conservative and are selected from other members of the 
class ,„ which the amino acid belong, For esamp.e, nonpolar (hydrophobic) amino 
actds mclude alanine, leucine, isoleucine, vahne, prohne, phenylalamne, tiyptophan 
and*r„sme. ^lar neu tt a, amino acids include glycine, serine, mreonine, cysteine ' 
^smcasparagineandgluunnine. The positively charged (basic, amino acids ' 
■nc u e ^ Iysine ^ h , tjd . ne negai . ve|y ctosed ^ amino acids 

■nclude aspartic acid and glutamic acid. Examples of preferred conservative 
substitutions include Lys for Arg and *» vma , 0 maintain , po siliv e charge; olu 
for Asp and Wee „, M ,„ maintain a negative charge: Ser for Tnr so tha, a free -OH 
- maintained: and G,n for Asn to maintain a free NH, ,mmunoge„ic fragments of 
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an nnmunogenic protozoan polypeptide are immunogenic protozoan polypeptides 
that are truncated at either or both of the N-terminus or C-terminus, without 
eliminating immunogenicity. Preferably, an immunogenic fragment contains an 
epitope recognized by a host T cell. Fragments of an immunogenic T. cruzi protein 
5 contain at least about eight amino acids, preferably at least about 12 amino acids, 
more preferably at least about 20 amino acids. 

Cytokines 

Preferably, the polynucleotide vaccine further includes at least one 
3 nucleotide coding region encoding a cytokine. Preferred cytokines include 
interleukin-12 (IL-12), granulocyte-macrophage colony-stimulating factor (GM- 
CSF), interleukin-6 (IL-6), interleukin- 18 (IL-18), y-interferon, ^-interferons 
and chemokines. Especially preferred cytokines include IL-12 and GM-CSF. 

Pharmaceutical compositions 

The polynucleotide and polypeptide vaccines of the invention are readily 
formulated as pharmaceutical compositions for veterinary or human use. The 
pharmaceutical composition optionally includes excipients or diluents that are 
Pharmaceutical^ acceptable as carriers and compatible with the genetic material. 
The term "pharmaceutical^ acceptable carrier"refers to a carriers) that is 
"acceptable" in the sense of being compatible with the other ingredients of a 
composition and not deleterious to the recipient thereof. Suitable excipients are for 
example, water, saline, dextrose, glycerol, ethanol, or the like and combinations 
thereof. In addition, if desired, the vaccine may contain minor amounts of auxiliary 
substances such as wetting or emulsifying agents, pH buffering agents, salts, and/or 
adjuvants which enhance the effectiveness of the immune-stimulating composition 
Methods of making and using such pharmaceutical compositions are also included 
in the invention. 
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# 

Administration of the polynucleotide vaccine 

The polynucleotide vaccine of the invention can be administered to the 
mammal using any convenient method, such as intramuscular injection, topical or 
transdermal application to the mammal's skin, or use of a gene gun, wherein 
5 parties coated with the polynucleotide vaccine are shot into the mammal's skin 
The amount of polynucleotide administered to the mammal is affected by the 
nature, size and disease state of the mammal as well as the delivery method- for 
example, typically less DNA is required for gene gun administration than for 
mtramuscular injection. Further, if a polynucleotide encoding a cytokine is co- 
10 dehvered with nucleotide coding regions encoding the immunogenic polypeptide 
from T. cruzi, the amount of polynucleotide encoding the immunogenic polypeptide 
from T. cruzi in the vaccine is optionally reduced. 

Hundreds of publications have now reported the efficacy of DNA vaccines 
m small and large animal models of infectious diseases, cancer and autoimmune 
15 diseases (J. Donnelly et al., RexJnmiunol. 15:617 (1997). Vaccine dosages for 
humans can be readily extended from the murine models by one skilled in the art of 
genetic immunization, and a substantial literature on genetic immunization of 
humans is now available to the skilled practitioner. For example, Wang et al 
(Sdenpe 282:476-480 (1998)) vaccinated humans with plasmid DNA encoding a 
20 malana protein, and the same group has developed a plan for manufacturing and 
testing the efficacy of a multigene Plasmodium falciparum liver-stage DNA vaccine 
•n humans (Hoffman et al., ImmunoJ^Celi^ 75:376 (1997)). In general the 
polynucleotide vaccine of the invention is administered in dosages that contain the 
smallest amount of polynucleotide necessary for effective immunization It is 
25 typ,cally administered to human subjects in dosages containing about 20 ng to 
about 2500 ng plasmid DNA; in some instances 500 or more of plasmid DNA 
may be indicated. Typically the vaccine is administered in two or more injections at 
time intervals, for example at four week intervals. 
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Administration of the polypeptide vaccine 

Like the polynucleotide vaccine, the polypeptide vaccine can be 
administered to the mammal using any convenient method, such as intramuscular or 
intraperitoneal injection, topical administration, oral or intranasal administration, 
5 inhalation, perfusion and the like. The amount of polypeptide administered to the 
mammal is affected by the nature, size and disease state of the mammal, as well as 
by the delivery method. Intraperitoneal injection of 25 to 50 ug of polypeptide 
containing a membrane transducing sequence has been shown to result in import of 
the protein into nearly 100% of murine blood and spleen cells within 20 minutes 
10 (Schwarze et al., Science 285:1569-1572 (1999)) and the sensitization of cytotoxic 
T cells (M.-P. Schutze-Redelmeier et al., JJjnmunol. 157:650-655 (1996)). Useful 
dosages of the polypeptide vaccine for humans can be readily determined by evaluating 
its activity in vivo activity in mice. 

15 Administration of a combination of polynucleotide vaccine and polypeptide vaccine 
The invention contemplates administration of both a polynucleotide vaccine 
and a polypeptide vaccine to a mammal in a serial protocol. For example, a 
plasmid-based DNA vaccine may be administered to a mammal to "prime" the 
immune system, followed by the one or more administrations of a polypeptide 

20 vaccine or a viral vaccine (e.g., vaccinia vector carrying the genes that encode the 
immunogenic polypeptides and, optionally, cytokines) to further stimulate the 
mammal's immune system. The order of administration of the different types of 
vaccines, and the nature of the vaccines administered in any given dose (e.g., 
polypeptide vaccine, plasmid vaccine, viral vector vaccine) can be readily 

25 determined by one of skill in the art to invoke the most effective immune response 
in the mammal. 
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Methods of screening for T. cruzi nucleotide sequences encoding candidate 

immunogenic polypeptides 

As noted above, the polynucleotide vaccine of the invention can include 
one or more nucleotide coding regions encoding a polypeptide from the trans- 
5 sialidase family of proteins, such as TSA-1, ASP-1 and ASP-2, or a polypeptide that 
is secreted upon entry of the host cells by T. cruzi, such as the hemolysin or Lytl 
protein. Likewise, the polypeptide vaccine of the invention can contain one or more 
of these polypeptides. It is contemplated that other polypeptides, as yet 
unidentified, may also be included in (or encoded by nucleotide sequences included 
10 m) these vaccines in order to produce the desired type and level of immune response 
in the mammal. To identify candidate polypeptides, the invention provides a 
genome-based method for evaluating the ability of protozoan polypeptides to 
stimulate a mammal's immune response. 

The classical approach to vaccine development, particularly with parasites, 
1 5 has been to use somewhat rational approaches to identify potential vaccine 

candidates, clone the genes and express the candidate proteins, and finally to test the 
ability of the proteins to induce an effective immune response. This approach has a 
number of serious drawbacks. First, the rational identification of candidates is not 
always so easy to do "rationally » Second, this approach makes assumptions about 
20 the type of immune response that should be protective, sometimes on the basis of 
not so firm data. Third it is extremely time consuming and with no real guarantee 
that at the end of the 3-5 years it might take to accomplish, the single candidate 
which is the focus of the work will be even marginally effective as a vaccine. 
Fourth, it is expensive. And fifth, in many cases the proteins cannot be delivered in 
25 a way that will generate sufficient and appropriate (i.e. protective) immune 
responses. 

The novel method for identifying additional immunogenic polypeptides that 
is provided by the present invention relies upon genome-based approaches that 
utilize both rational and unbiased techniques for vaccine discovery and genetic 
30 immunization for vaccine delivery. These approaches integrate the current 
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understanding of immunity and disease in protozoan infection with, in the case of T. 
cruzi, information emerging from genome projects with trypanosomitids, as well as 
new technical developments for genome analysis and vaccine delivery, while 
continuing to make use of the strength of the mouse model of protozoan infection. 
5 In one embodiment of the method for screening for vaccine candidates in T. 

cruzi, the invention utilizes expression library immunization (ELI) (M. Barry et al, 
Nature. 377:632-5 (1995). ELI provides an unbiased method (i.e. makes no 
assumptions about what types of molecules or what types of immune responses are 
necessary for protection) for screening potentially the entire genome of a protozoan. 
10 A genetic immunization technique is used to select protective antigen encoding 
genes from the pathogen DNA. For this, a eukaryotic expression library of the 
pathogen DNA is constructed in a genetic immunization vector. Animals are 
immunized with fractions of the library, and then monitored for the induction of 
immune responses and protection from challenge infection. Sub-groups of the 
15 genomic library which provide protection are then "sibbed" in stages into smaller 
fractions and tested for elicitation of protective immune responses and resistance to 
infection. A series of immunization/challenge studies are done until individual 
protective genes are identified. Advantages associated with ELI include: (i) instead 
of cloning gene by gene and testing the immunogenic properties of each gene 
20 product, ELI screens the whole genome and selects for the protective genes, (ii) 
candidate genes are selected by ELI based upon the immune system itself, therefore 
knowledge of the parasite biology or the immunogenic properties of individual 
antigens is not required, (iii) ELI is not only a cheaper, faster and more effective 
method for gene discovery, it might prove to be the only avenue for the generation 
25 of an effective vaccine for pathogens like T. cruzi which are difficult to grow, 
maintain and attenuate for their use as vaccine, and (iv) ELI utilizes a vaccine 
delivery method for the discovery of immunogenic genes. Conveniently, with the 
identification of new genes which can be used to constitute the anti-f. cruzi genetic 
vaccine, the vaccine delivery method is established as well. 
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Another embodiment of the screening method of the invention utilizes 
DNA microarrays. DNA microarrays provide a tool to monitor the expression of 
many (or all, if one chooses) of the genes in the genome of a protozoan. Genes 
whose expression is upregulated in the parasite soon after infection of the host cell 
5 are identified, since the protein products of such genes would be among the first to 
reach the class I MHC processing and presentation pathway and thus the early 
indicators to the immune system of the infection status of host cells. 

Vaccine candidates are tested singly and in combination under various 
conditions in murine models for protection of mice from both lethal infection and 
10 from development of severe disease. Whether or not these molecules are 

recognized by humans infected with the protozoan can be readily determined using 
ELISA and CTL assays as described in the following examples. 
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Murine model for Chagas ' disease 

The most widely characterized animal model for Chagas' disease is the 
mouse. The mouse model parallels human infection in that 1) both acute and 
chronic stages of infection are generally present, 2) recovery from the acute 
infection is dependent on the development of a non-sterilizing immune response, 3) 
chronically infected mice develop pathological and electrocardiographic changes 
20 similar to those seen in human Chagas' disease and 4) many of the immune 

mechanisms thought to be important in immune control of the parasite in humans 
are also present in the mouse model. During T. cruzi infection, both chagasic 
patients and experimental animals produce strong immune responses to molecules 
expressed in the infective non-replicative trypomastigote stage and the replicative 
25 amastigote forms (N. Andrews et al., Am^UjP£j4edHyg. 40:46-9 (1989); A. 
Krettli, Ummunpl. 128:2009-2012 (1982)). A World Health Organization (WHO) 
working group concluded that the mouse best model system for studying the various 
aspects of Chagas' disease (WHO Report, 1984). 

Genetic immunization has been demonstrated herein for BalbC mice (single 
30 component genetic vaccine. TS A- 1 ) and B6 mice (multiple component genetic 
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vaccine, TSA-1, ASP-1 and ASP-2) using infection with Brazil T. cruzi. Standard 
polynucleotide vaccine dosages for mice range from 1 ng to 100 [ig of 
polynucleotide. Both murine systems make good human models since initial 
infection with T. cruzi is not generally lethal, and a chronic disease state typically 
5 develops following initial infection. Prophylactic genetic immunization was also 
tested in C3H mice (multiple component genetic vaccine), but with less promising 
results. However, C3H mice represent a murine mode that is extremely susceptible 
to infection with T. cruzi (typically 100% mortality is observed upon initial 
infection) and thus is not as representative of T. cruzi infection and subsequent 
1 0 disease progression in humans. 



EXAMPLES 



The present invention is illustrated by the following examples. It is to be 
15 understood that the particular examples, materials, amounts, and procedures are to 
be interpreted broadly in accordance with the scope and spirit of the invention as set 
forth herein. 
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Example I. 

Vaccination with Trypomastigote Surface Antigen-l-encoding Plasmid DNA 
Confers Protection Against Lethal Trypanosoma cruzi Infection 



Mice and parasites. Six- to 8-wk-old female C57BL/6J (B6) and 
BALB/cByJ (BALB/c) mice (breeding pairs obtained from The Jackson Laboratory 

25 (Bar Harbor, ME) were used in all experiments. The Brazil strain of T. cruzi was 
maintained in vivo by serial biweekly passage of 103 blood-form trypomastigotes 
(BFT) in C3H/HeSnJ mice and by continuous in vitro passages of tissue culture- 
derived trypomastigotes (TCT) in monolayers of Vero cells. B6 mice were infected 
intraperitoneally with 1 0 3 BFT and challenged 3 months later challenged with 1 0* 

30 TCT by subcutaneous injection at the base of the tail. 
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Cell lines and culture reagents. P815 (H-2<*; mastocytoma cells; ATCC 
TIB 64), J774 (H-2<1, macrophages, ATCC TIB 67), 3T3 (H-2<i, fibroblasts, ATCC 
CCL 163), Vero (African Green monkey kidney cells, ATCC CCL 81) (all from 
American Type Culture Collection [ATCC], Rockville, MD), RMA-S (peptide 
5 TAP.2 transporter-deficient, low H-2° expressor mutant of the RBL-5 Rauscher 
virus-induced T cell lymphoma; provided by Dr. H.-G. Ljundggren, Karolinska 
Institute, Stockholm, Sweden) and 5A.Kb. 3 cells (H-2^ fibroblasts stably 
transfected with the Rb gene; provided by Dr. S. Jameson, University of Minnesota, 
Minneapolis, MN) were maintained in complete RPMM640 (Mediatech, Herndon, 
10 VA) medium (CR) containing 10% heat-inactivated fetal bovine serum (HyClone, 
Logan, UT), 20 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 0. 1 mM 
non-essential amino acids and 50 ug/ml gentamicin (all from Gibco BRL, 
Gaithersburg, MD). COS-7 cells (SV40 transformed African Green monkey kidney 
cells; ATCC CRL 1651) were grown in similarly supplemented Dulbecco's 
15 modified Eagle's medium (Mediatech, Herndon, VA). T cell medium (TCM) was 
prepared by supplementing CR with 50 uM 2-mercaptoethanol (Gibco BRL). 

Peptides. The peptide TSA- 1 5 , 5 . 522 (VDYNFTIV; SEQ ID NO: 1 ), 
representing the H-2 Kb-restricted T. cruzi Trypomastigote Surface Antigen-1 CTL 
epitope was produced using Fmoc-based solid phase chemistry on an ACT MPS 
20 350 peptide synthesizer (Advanced Chem Tech, Louisville, KY) by Molecular and 
Genetic Instrumentation Facility at University of Georgia (Athens, GA). The H-2 
Kb-restricted OVA CTL peptide OVA 257 . 264 (SIINFEKL; SEQ ID NO:2) was used 
as a control. Lyophilized peptides were dissolved at 20 mg/ml in DMSO and stored 
at -70°C. Before use, peptides were diluted with RPMI-1640. Peptides were not 
25 toxic to target cells or effector cell cultures. 

PlasmidDNA constructs. The genomic DNA fragments of the TSA-1 gene 
(D. Fouts et al., Mol Biochem Par^itnl 46:189-200 (1991); D. Peterson et al.. 
Nature 322:566-8 (1986)) encoding amino acid residues 78 to 652 and 78 to 790, 
excluding and including, respectively, the 5 nonapeptide tandem repeat unit, were 
30 amplified by PCR using pBluescript II SK (+)/TSA- 1 (provided by Dr. David Fouts. 
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Unrversity of California, ^ CA) „ , template ^ ^ ^ ^ 
were destgned to incorporate, respectively, Sail and .tta restriction sites 
(underlined below) for directional cioning. Pnmers were constructed on an Applied 
Biosystems 394 DNA/RNA synthesizer (Foster Civ, CA) a, the Molecular Genetics 
5 Instrumentation Facility. The forward oligonucleotide primer 5'. 

AQTEOACGGATCCATGATTGCArTTGTCGAAGOC-3' (SEQ ,D NO:3) was 

used with reverse primers 5'- 

ATCTAGAAGCTTCATAGTTCACCGACACTCAGTGG-3' (SEQ ,D NO-4) and 
5'-ATCTAGAAGCTTCATGCCGCAGCATTTGCrTCCCC-3' (SEQ ID NOS) to 
'0 amplifya ..7kb(rep e a,lessTSA-, 78 . 652 )a„da2.1 kb (repeat-bearing TSA-1 7S m) 
product, respectively. The amplification products containing the A overhangs 
generated by Taa DNA po.ymerase during the PGR reaction were cloned into the 
H.ncH site of pUC19-r vector. Following digestion with Sail and Xbal, the I 7 kb 
and 2.1 kbTSA-1 fragments were gel purified and cloned into fc Ha IW 
sttcs of the eukaryotic expression vector VR1012 (Vical Inc., San Diego, CA) (J 
H»*ka UumaSsnUta. 7:1205-1217 (1996)) ,„ generate VR10I2 TSAl 7 
and VRI012 TSA2.1. In the VR.0,2 vector, expression of me encoded gene is 
dnven by a CMV immcdiate-early gene pr„ mote , Constats were transformed 
■nto Escherichia coli DH5 -competent cells and grow, in Luria Bert™ broth with 
20 70 ug/ml kanamycin. Closed circular p la smid DNA was purified by anion exchange 
chromatography using the Qiagen maxi prep ki, (Qiagen, Chatsworm, CA) 
accordtng to manufacture* specifications. Plasmid DNA was sterilized by ethanol 
prec.pttatton and dissolved in sterile phosphate-buffered saline (PBS). 

In virro expression. Expression of the VR1012 TSA1.7 and VR1012 
25 TSA2. 1 in COS-7 cells was assessed /„ by tnmsien. transfecion. COS-7 cells 
were seeded in 6-well plates (Costar, Cambridge, MA) a, 2 X l0 S cells/weII in 3 m| 
complete DMEM and incubated overnight a, 37°C, 6% C0 2 . In a final volume of 
300 Ml. 10 ug of plasmid DNA (unmodified VR10I2 plasmid. TSA- 1 -encoding 
VR1012 TSA, .7 or VRI012 TSA2.1, were mixed with 30 Mg of Lipofectin Reagent 
30 (G,bc„ BRL), and the mixture incubated for ,5 minutes at room temperature before 
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being diluted with 1 .7 ml serum-free MEM. After washing COS-7 monolayers (50- 
70% confluent) with serum-free MEM, cells were overlayed with the mixture 
containing the DNA-Lipofectin complexes and incubated overnight at 37°C, 6% 
C0 2 . Cell culture media was then replaced with 3 ml complete DMEM and 
5 incubated for an additional day. Transiently transfected COS-7 cells were harvested 
by gentle trypsinization, washed in PBS, and seeded in 8-well Lab Tek chamber 
slides (Nunc Inc., Naperville, IL) at 1 X 1 0 4 cells/well. After overnight incubation 
at 37°C, 6% C0 2 , cells were washed with PBS, fixed in ice cold methanol for 15 
minutes at 4°C and washed 4 more times before blocking with PBS-1% bovine 
10 serum albumin (BSA) for 1 hour at 37°C. Cells were subsequently stained for 2 
hours at 37°C with a polyclonal anti-7. cruzi serum obtained from acutely infected 
C3H/HeSnJ mice or with normal mouse serum (1:200 dilution in PBS-1% BSA), 
washed 3 times, and finally incubated for 1 hour at room temperature with 
fluorescence isothiocyanate (FITC)-labeled F(ab') 2 goat anti-mouse IgG (1:50 
15 dilution in PBS-1% BSA) (Southern Biotechnology, Birmingham, AL). Slides were 
then rinsed 4 times with PBS-1% BSA and mounted in 10% glycerol, 0.1 M sodium 
bicarbonate (pH 9), 2.5% l,4-diazobicyclo-(2,2,2) octane for visualization by laser 
scanning confocal microscopy (MRC-600) (Bio-Rad Laboratories, Hercules, CA). 
Genetic immunizations and challenges. Groups of B6 and BALB/c mice 
20 were injected intramuscularly into each tibialis anterior muscle with 50 ug of 
VR1012 TSA1.7, VR1012 TSA2.1 or control VR1012 suspended in 50 ul PBS 
using a 27-gauge needle. Mice were boosted 4 weeks later with an identical dose of 
plasmid (100 ug total) given by the same bilateral intramuscular injection. Tail 
blood samples were collected 3 and 2 weeks after the first and second dose, 
25 respectively, and sera stored at -20°C until assayed for anti-I cruzi antibody. Two 
weeks after the second dose, animals were infected by intraperitoneal injection of 
105 (B6) or 103 (BALB/c) T. cruzi BFT. Parasitemias were monitored periodically 
using hemacytometer counts of 10 ul tail-vein blood in an ammonium chloride 
solution. Mortality was recorded daily. 
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Determination of serum antibody levels. Antibody responses induced by 
the immunization of mice with plasmid DNA was evaluated by a solid-phase 
enzyme-linked Immunosorbant assay (ELISA). In brief, capture antigen was 
prepared by sonication of PBS-washed 5 X 10? T. cruzi parasites (80% 
5 trypomastigotes; 20% amastigotes) in 50 raM carbonate-bicarbonate buffer (pH 
9.6). Sonicated material was spun for 1 hour at 100,000 X g at 4°C. Wells of 
flexible polyvinyl chloride 96-well plates (Falcon, Becton Dickinson & Co., 
Oxnard, CA) were coated overnight at 4°C with 100 ul of a predetermined optimal 
dilution (5 X 105 parasites/well) of the soluble antigen. Washed wells were blocked 
10 with 1% BSA in PBS-0.05% Tween 20 (PBST) for 1 hour at 37°C. After blocking, 
100 ul of pooled mouse sera (1:100 dilution in PBST) was added to the plates and 
incubated for 1 hour at 37°C. Plates were washed 6 times with PBST and incubated 
for an additional hour with 100 ul of a horseradish peroxidase-labeled goat anti- 
mouse immunoglobulin (A, G, M) (1:1000 dilution in PBST) (Cappel, Organon 
15 Teknika Corp., West Chester, PA). Washed wells were developed with 100 ul of 
the substrate 2,2'-a Z ino-bis-(3-ethyl-benzthiazoline-6-sulfonic acid) and absorbance 
read at 405 nm using an automated ELISA microplate reader (Bio-Tek Instruments, 
Winooski, VT). 

Generation of effector cells. Unless otherwise indicated, spleens from 
20 DNA-immunized mice were removed two weeks after the last dose and immune 
spleen cell (SC) suspensions prepared in TCM. In the case of B6 mice, spleen cells 
(SC) were cultured in 24-well plates at 5 X 106 cells/well. TSA-1 5I5 . 522 peptide 
was included in each 2-ml culture at 1 uM final concentration. In the case of 
BALB/c mice, 35 X 10* SC in 10 ml TCM were cultured in upright 25- Cm 2 tissue 
25 culture flasks containing irradiated monolayers of stimulator T. cr M z/-infected J774 
cells. After 2 days of incubation at 37°C, 6% C0 2 , cultures were made to 5% Rat 
T-STIM without Con A (Collaborative Biomedical Products, Bedford, MA) and 
incubated for 4 additional days. Effector cells from BALB/c mice were also 
unstimulated immune SC without undergoing secondary in vitro stimulation. SC 
30 from B6 mice chronically infected with T. cruzi were obtained 6 months after 



parasite challenge and stimulated as described for SC from DNA-immunized 
animals. 

Preparation ofpeptide-pulsed target cells. Peptide-pulsed targets were 
used to measure CTL activity of peptide-stimulated effector cells generated from 
5 plasmid DNA-immunized B6 mice. RMA-S (H-2b) cells preincubated for 24 h at 
26°C, 6% C0 2 , were seeded into 24-well plates (Costar, Cambridge, MA) at 1()6 
cells/well in 2 ml CR and incubated overnight under the same conditions in the 
presence of 0.05 uM of TSA-1 515 . 522 peptide or OVA 25 7- 2 64 negative control 
peptide and 100 uCi of a sterile Na 2 51 Cr0 4 solution (5lCr) (Amersham Life 
10 Science Corporation, Arlington Heights, IL). Two hours prior to their processing 
for CTL assays, cells were shifted 37°C, 6% C0 2 . P815 (H-2d) target cells were 
also prepared in 24-well plates by overnight incubation at 37°C, 6% C0 2 , with ^Cr 
and TSA-1 515.522 peptide. 

Preparation ofT. cruzi-infected stimulator and target cells. T. cruzi- 
1 5 infected cells were used to generate and measure the CTL activity of effector cells 
from plasmid DNA-immunized BALB/c mice. Monolayers of J774 cells (60% 
confluent) prepared in upright 25-cm2 tissue culture flasks (Corning, New York) 
were infected overnight with T. cruzi TCT (50:1 parasite to host cell ratio). After 
extensive washing with serum-free RPMI 1640 to remove noninvading parasites, 
20 infected monolayers were irradiated (14 Krad) (Gammacell 200, 60 Co source) and 
then used as stimulators for immune SC. To prepare T. crwz/'-infected target cells 
used to ascertain the lytic activity of B ALB/c-derived stimulated SC, monolayers 
(50% confluent in horizontal 25-cm2 flasks) of MHC-matched 3T3 (H-2<*) and 
mismatched 5A.Kb. 3 (H-2k and H-2Kb) cells were incubated for 2 days at 37°C, 
25 6% C0 2 , in CR supplemented with 1 000 U/ml of IFN- + B (Lee Biomolecular 
Laboratories, Inc., San Diego, CA), washed and then infected overnight with T. 
cruzi TCT (50:1 parasite to host cell ratio). After washing, T. o-wzz-infected 
monolayers were treated with PBS-1 mM EDTA to prepare single cell suspensions 
and washed once more before a 1-h 5 iCr-labeling step at 37°C. To assess the lytic 
30 activity of unstimulated BALB/c-derived immune SC. monolayers of untreated J774 
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cells were infected and single cell suspensions for 51 Cr labeling were prepared by 
moderate pipetting of the cell monolayer. Under the conditions described, stained 
(Leukostat, Fisher Scientific, Atlanta, GA) cytospin preparations of each culture 
indicated that 65-75% of the cells were infected. 
5 CTL assay. Cytolytic activity was measured by the 5 *Cr release assay, as 

described in Wizel et al. ( Eur. J. Immunol . 24:1487-95 (1994)). In brief, 5l Cr- 
labeled target cells were washed three times in CR and resuspended in TCM, and 5 
X 10 3 targets (100 nl) were added to effector cells (100 at various effector-cell- 
to-target-cell (E:T) ratios in 96-well round-bottom plates (Corning). After a 5 hour 

1 0 incubation at 37°C, 6% CO2, supernatants were harvested with the Skatron SCS 
System (Skatron, Sterling, VA) and radioactivity counted on a Cobra II Autogamma 
counter (Packard Instrument Company, Downers Grove, IL). Percent-specific lysis 
was calculated from the mean of triplicates as follows: 100 X [(experimental release 
- spontaneous release) / (maximum release - spontaneous release)]. Maximum and 

1 5 spontaneous release were determined in wells containing no effectors in the 

presence or absence of 2% Triton X-100, respectively. In experiments where CTL 
activity of CD8+ and CD4+ T cells was tested, effector cells were depleted by 
incubation on ice for 30 minutes with predetermined dilutions of culture 
supernatants from hybridomas 3.155 (anti-CD8) (ATCC TIB 21 1), and RL172 
20 (anti-CD4) , followed by 30 minutes at 37°C in the presence of 1 :6 diluted rabbit 
complement (Pel-Freez, Brown Deer, WI). Spontaneous release did not exceed 
20% of the maximum release. SE ranged between 0.02 to 6.1% of the mean. 

RESULTS 

25 Expression of TSA - 1 in transiently transfected cells. To study the 

effectiveness of genetic immunization against T. cruzi n the TSA-1 gene was 
subcloned into the VR1012 mammalian expression vector containing the CMV 
promoter and the bovine growth hormone polyadenylation sequences. The 
constructs VR1012 TSA1.7 and VR1012 TSA2.1 were generated to drive the 

30 expression of two N-terminally truncated TSA-1 gene products lacking and bearing. 
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respectively, the 5 nonapeptide repeats located near the C-terminal end of the TSA- 
1 protein. Both plasmid constructs expressed the inserted TSA-1 gene fragment 
upon transient transfection of COS-7 cells. The cytoplasmic expression of TSA-1 
in VR1012 TSA1.7- and VR1012 TSA2.1-transfected cells was intense as detected 
by immunofluorescent staining with a polyclonal anti-7 1 . cruzi serum. In contrast, 
similarly transfected cells stained with normal mouse serum showed no evidence of 
immunofluorescence. No expression was detected in cells transfected with the 
unmodified VR1012 vector and stained with either sera. 

Immunization with TSA-1 plasmid DNA elicits parasite-specific antibody 
response. A strong humoral immune response has been widely implicated as a 
major effector mechanism that participates in the immune control of T. cruzi and 
immunization of mice with a recombinant N-proximal portion of TSA-1 induces an 
antibody response which correlates with survival to a lethal challenge infection. To 
ascertain whether a T. crwz/'-specific antibody response could be elicited by the 
expression of the TSA-1 protein fragments following intramuscular DNA 
immunization, BALB/c and B6 mice were injected with 100 ng VR1012 TSA1.7, 
VR1012 TSA2.1 or unmodified VR1012 control plasmid (50 jag of split in each 
tibialis anterior muscle). Mice were boosted after 4 weeks with the same dose of 
plasmid. The presence of parasite-specific antibodies in pooled sera prepared from 
each group of mice was assessed by ELISA (Fig. 1). Three weeks following the 
first dose, sera from BALB/c mice immunized with either VR1012 TSA1.7 or 
VR1012 TSA2.1 showed comparable antibody responses against the sonicated 
parasite material used as capture antigen. Two weeks after the second dose, while a 
boosting in the parasite-specific antibody level was detected in the sera from 
VR1012TSA1.7-immunized group, the level of antibodies in the sera from the 
VR1 0 1 2 TSA2. 1 -immunized animals remained essentially unchanged. When a 
similar analysis was conducted for the pooled sera from similarly immunized B6 
mice, the antibody levels after the first dose did not exceed the level found in 
normal mouse serum. However, after the second dose, only the VR1012 TSA2.1- 
immunized group showed a parasite-specific antibody response. In all cases, the 



antibody levels detected in the sera from groups of mice immunized with 
unmodified VR1012 vector was no different than the level measured in normal 
mouse serum. 

Induction of long-lasting TSA- 1 -specific CTL response in TSA-1 plasmid 
5 DNA-immunized B6 mice. TSA- 1 5 , 5.522 is a target of H-2 Kb-restricted protective 
CTL responses induced in B6 mice infected with T. cruzi. We therefore wanted to 
determine whether immunization of this strain of mice with the TSA-1 -encoding 
DNA vectors could induce a TSA- 1 51 ^-specific CTL response. Two weeks after 
the second intramuscular injection of either VR1012 TSA1.7 or VR1012 TSA2.1, 
10 immune SC were stimulated with TSA-l 5 i5. 522 (1 uM). After 6 days, recall CTL 
activity of undepleted responder cultures was assessed in a 5 hour 51 Cr release 
assay against RMA-S (H-2b) and P815 (H-2^) target cells sensitized with TSA-1 5 15. 
522 peptide (0.05 uM) at the indicated E:T ratios. RMA-S cells pulsed with 
OVA257-264 peptide (0.05 uM) were used as negative control target cells. CTL 

15 activity of effector cells depleted of CD4+ or CD8+ T cells was measured at a 50:1 
E:T ratio against TSA- 1 5 j 5.522-sensitized (0.05 uM) target cells. CTL activity was 
antigen specific, MHC class I-restricted and dependent on CD8+ T lymphocytes 
(Fig. 2A). The H-2 b effector cells lysed matched RMA-S cells (H-2 b ) sensitized 
with TSA-1 5 15.522 but were unable to lyse the same cells pulsed with control peptide 

20 OVA 25 7-264 or MHC-mismatched P8 1 5 cells (H-2 d ) pulsed with TSA- 1 5 1 5.522. 

Detected lytic activity was abrogated by CD8+ T cell depletion, but not by 
depletion of CD4+ effectors. In no case did TSA-l5, 5 .522-stimulated SC from mice 
immunized with unmodified VR1012 vector display CTL activity against peptide- 
sensitized target cells. Similar TSA-l5 15 . 522 -specific CTL activity was detected in 

25 the peptide-stimulated SC cultures established 7 mo after mice had received the 
second 100 ug dose of the TSA-1 -encoding DNA vectors (Fig. 2B). The magnitude 
of such recall CTL response was comparable to the CTL activity detected for TSA- 
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l 515 - 5 22-stimulated effectors from T. cmi-infected mice. Hence, immunization of 
B6 mice with both TSA-1 -encoding DNA constructs generates a long-lasting TSA- 
l 51 5-522-specific CTL response which closely resembles the recall response induced 
in T. crwzMnfected animals. 
5 CTL response induced in BALB/c mice by TSA-1 plasmid DNA immunization 

is parasite-specific, MHC class I-restricted and CD8+ T cell-dependent. Despite 
the fact that the target antigens recognized by CTL from T. m^-infected BALB/c 
mice (H-2d) have not been identified, SC from these animals display genetically 
restricted CTL activity against T. mm-infected target cells. Thus, we used this 
1 0 system to determine whether parasite-specific CTLs could be induced in BALB/c 
mice following immunization with the TSA-1 -encoding plasmid DNA constructs. 
Two weeks after the second vaccination, immune SC from BALB/c (H-2<1) mice 
were prepared and tested unstimulated for CTL recognition of T. ^/-infected or 
uninfected J774 macrophages (H-2<i) and T. mei-infected 5A.Kb. 3 fibroblasts (H- 
1 5 2k ; H-2Kb) i n a 5-h 5 1 Cr release assay at the indicated E.T ratios (Fig. 3 A). 
Following a 6-day stimulation period with irradiated T. crwzMnfected J774 
macrophages, effector cells were assayed at the indicated E:T ratios for CTL 
activity on 5l Cr labeled T. cr M z/-infected or uninfected 3T3 fibroblasts (H-2<1) and 
T. c™z/-infected 5A.Kb. 3 cells. Effector cells depleted of CD4+ or CD8+ T cells 
20 were tested for CTL activity at a 50: 1 E.T ratio against T. c™z/-infected 3T3 cells. 
Levels of infection in stimulator cells and target cells ranged from 65 to 75%. 
Infection of J774 cells (H-2d) with T. cruzi efficiently targeted these macrophages 
for lysis by the H-2d effector cells harvested from either VR1012 TSA1 .7- or 
VR1012 TSA2.1-immunized mice. In contrast, minimal or no lysis was detected 
25 against uninfected J774 cells and against mismatched T. cmri-infected 5A.Kb. 3 
fibroblasts (H-2k; H-2Kb). None of the target cells tested was recognized by 
effector cells obtained from control VR1012-immunized animals. Then, CTL 
activity of immune SC that had been stimulated for 6 days with T. ^/-infected 
J774 macrophages was assessed against uninfected and T. mci-infected fibroblasts 
30 (Fig. 3B). Again, the specificity and MHC class I-restricted nature of the recall 
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CTL response was demonstrated by the ability of effector cells derived from 
VR1012 TSA1.7- and VR1012 TSA2.1 -immunized mice to lyse infected but not 
uninfected 3T3 cells (H-2<1) and by their inability to recognize infected 5A.Kb. 3 
cells (H-2k; H-2Kb). When the phenotype of the VR1012 TSA1 7-derived effectors 
5 was tested, it was found that they were CD8+ CD4 - because the lytic activity of 
these cells was significantly reduced by the depletion of CD8+ T cells and 
minimally affected by the depletion of CD4+ T cells. Similarly stimulated VR1012 
immune SC failed to lyse all the target cells tested. Altogether, these data indicated 
that immunization of BALB/c mice with TSA- 1 -encoding DNA plasmids efficiently 
10 primed parasite-specific CD8+ CTL precursors and that these in vivo expanded 
cells were in sufficient numbers that allowed the detection of their genetically- 
restricted lytic activity without in vitro restimulation. 

^^idDNA4Hisedvaecim signify protect T . cruzi- 

induced mortality. Having established that B6 and BALB/c mice generated T. 
5 cntfi-specific immune responses upon immunization with either of the TSA-1- 
expressing constructs, we next determined whether DNA vaccination could provide 
these animals with any degree of protection against challenge with T. cruzi. Two 
weeks after the second immunizing dose, groups of B6 and BALB/c mice were 
challenged with 105 or 103 T. cruzi BFT, respectively. The differences in the 
3 challenging dose was to compensate for the observed differences in susceptibility of 
each strain of mice. Both strains of mice showed a significant degree of protection 
against T. ^/-induced mortality. As illustrated in one of 3 conducted 
experiments, B6 mice vaccinated with either of the TSA- 1 -encoding vectors showed 
a 7-day delay in the onset of parasitemia and a consistently reduced level of 
parasites compared to control animals immunized with the unmodified VR1012 
vector (Fig. 4A). Moreover, all control animals died before 45 days post-infection 
whereas 50% of mice in each of the test groups survived the infection (Fig 4B) In 
the case of BALB/c mice, however, the steady increase in parasitemia noted in 
TSA-1 DNA vaccinated animals was strikingly similar to the kinetics of infection 
observed for mice immunized with the unmodified plasmid DNA (Fig. 5A). 
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Despite similar levels of circulating parasites in test and control animals, none of 
the mice vaccinated with either of the TSA-1 -encoding vectors succumbed to T. 
cruzi infection whereas 75% of control mice developed fatal infections within 27 
days post-infection (Fig. 5B). Overall, protection against and otherwise lethal 
innoculum with trypomastigotes was observed in 73% and 55% of VR1012 
TSA1.7- and VR1012 TSA2.1 -vaccinated B6 mice, respectively, and in 91% and 
86% of similarly vaccinated BALB/c mice (Table 1). In contrast, control VR1012- 
vaccinated remained highly susceptible to T. cntzi-induced lethality as only 9% 
overall survival was observed for both strains (Table 1). 
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1. Protection against lethal T. cruzi challenge conferred by DNA 



vaccination 



5 



Plasmid DNA 


B6 


mice 


BALB/c 


mice 




Survivors/ 


Percent 


Survivors/ 


Percent 




Challenged 


survival 


Challenged 


survival 


VR1012 


0/3 
0/4 




0/3 
1/4 




Total 
VR1012TSA1.7 


1/4 

1/11 
3/3 

2/4 


9 


0/4 

1/11 

3/3 

4/4 


9 


Total 
VR1012TSA2.1 


3/4 

8/11 

2/3 

2/4 


73 


3/4 

10/11 
2/3 

4/4 


91 


Total 


2/4 
6/11 


55 


nd 

6/7 


86 



nd: not determined 



DISCUSSION 

Thus far, the exploration of vaccines against T. cruzi has been widely 
avoided due to the fear that such intervention methods would exacerbate rather than 
prevent a disease that many still consider to have an autoimmune etiology. 
However, we believe that T. cruzi persists in the diseased tissue, and that it is the 
persistence of the parasite and not the parasite-induced immune responses to self 
molecules which correlates best with the induction and maintenance of the 
inflammatory disease process. This link between parasite load and severity of 
disease is further supported by the very important role that CD8+ T cells play in 
parasite control and survival to infection. CD8+ T cells constitute the major 
component in inflammatory foci of T. c™r/-infected tissues and. in their absence, 
infected mice have increased mortality rates and tissue parasite loads with a 
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decreased or absent inflammatory response. The recent demonstration of CD8+ 
CTL in T £r«z/-infected mice and humans with a specificity for defined 
trypomastigote and amastigote surface molecules and of the immunoprotective 
phenotype that these cells express prompted us to initiate the development of 
5 immunization strategies to further characterize the vaccine potential of parasite 
components known to be targets of protective anti-7/. cruzi immune responses. 

DNA-based immunization has been shown in animal models to easily, safely 
and effectively elicit and modulate the spectrum of immune responses necessary for 
the prevention of infectious diseases (S. Gurunathan et al., J. Exp. Med. 186:1 137- 
10 1 147 (1997); D. Lowrie et al., Vaccine 15:834-838 (1997): M. Sedegah et al., Proc. 
NaflAcad. Sci.IfSA 91:9866-70 (1994); J. Ulmer et al., Science 259:1745-1749 
(1993); Z. Xiang et al., Virology 199:132-140 (1994); M. Yokoyama et al.,. J. Virol . 
69:2684-2688 (1995)) and for the treatment of neoplastic (R. Conry et al., Semin 
Qncol. 23:135-147 (1996); K. Irvine et al., JJmmunoi. 156:238-245 (1996)); R. 
15 Schirmbeck et al., JJmmunol. 157:3550-3558 (1996)), allergic ENRfu (C. Hsu et 
al., Nat. Med . 2:540-544 (1996); E. Raz et al., Proc. Nat'l. AraH Sri us a 
93:5141-45 (1996)) and autoimmune disorders (A. Waisman et al., Nat. Med . 
2:899-905 (1996)). Thus, we chose this vaccination method to induce T. cruzi- 
specific antibody and class I-restricted CD8+ CTL responses in two inbred mouse 
20 strains and to assess its protective efficacy against parasite challenge. Our recent 
demonstration of TSA-1 as a target of protective CTL made this parasite molecule a 
prime model antigen to evaluate this immunization method inasmuch as the N- 
proximal portion of TSA-1 had already been shown to induce antibody responses 
which correlate with survival to lethal T. cruzi infection and TSA-1 is a member of 
25 the large 85-kDa family of trypomastigote surface proteins which are recognized by 
human sera and rodent-derived protective antibodies. 

Plasmid DNA vaccines VR1012 TSA1.7 and VR1012 TSA2.1 were 
constructed to drive the expression of products TSA-1 78 . 652 and TSA-1 78 . 790 
truncated at the N-terminus by 77 residues and at the C-terminus by 183 and 45 
30 amino acids, respectively. The main reasons for such a design were twofold: first. 
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because removal of the N-terminal endoplasmic reticulum translocation signal 
sequence would ensure the cytoplasmic retention of de novo synthesized TSA-1 
protein, their subsequent cytosolic degradation and an efficient priming of CTL 
responses; second, because conventional TSA-1 protein-based immunization of 
5 BALB/c mice has shown that the C-proximal portion encompassing residues 618 to 
835 contains epitopes which interfere with the generation of antibodies to the 
protective determinants within residues 78 to 619 of the N-proximal portion.. 

Both VR1012 TSA-1 constructs directed the in vitro expression of 
cytoplasmically-retained products with immunoreactivity to sera from T. cruzi- 
10 infected mice and in BALB/c mice, both TSA-1 -encoding vectors, with and without 
repeat sequence, elicited parasite-specific antibody responses. Such responses were 
detected after the priming dose, and a modest boosting was achieved after the 
second dose with the VR1012 TSA2.1 vector. In B6 mice, parasite-specific 
antibodies were detected only after the second dose of the VR1012 TSA2.1 vector 
15 alone. 

The fact that immunization with TSA-1 -expressing plasmid DNA vaccines 
efficiently elicited MHC class I-restricted CTL responses in B6 (H-2»0 and BALB/c 
(H-2d) mice is notable, inasmuch as prior to these studies T. cn*/-specific CD8+ 
CTL had only been primed by parasite infection and TSA-1 had only been identified 
20 as a CTL target molecule of B6 mice. The demonstration in B6 mice that TSA-1 
DNA vaccination and T. cruzi infection were able to prime CD8+ CTL populations 
with specificity for the same protective H-2Kb-restricted TSA-1 515 . 522 epitope 
indicated that similar immunogenic peptides are generated when a cell is transiently 
transfected in vivo or when it is expressed by an infected cell. In agreement with 
25 other studies where DNA immunization has been found to elicit long-lasting CTL 
responses, TSA-1 5,5-522-specific CTL were still detected 7 months after 
administering the last dose of the TSA-1 -encoding DNA. The longevity of the 
response may be explained by the persistence of the plasmid vaccine in vivo, or to 
recent reports which indicate that CTL memory does not require antigen persistence 
30 or CD4 T cell help. Regardless of the mechanisms involved, the ability of genetic 
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immunization to maintain a long-lasting response to protective T. cruzi CTL 
epitopes may have significant potential for the development of DNA vaccines 
capable of preventing or treating an established T. cruzi infection. 

While the presence of class I-restricted CTL to T. crwzMnfected cells has 
5 been demonstrated in BALB/c mice, the identification of their target antigens has 
not been. Hence, in the absence of known TSA-l-derived H-2d-restricted CTL 
peptide epitopes, two alternative strategies were used to determine that TSA-1- 
expressing DNA vaccines had successfully primed parasite antigen specific CTL 
responses. In the first strategy where the CTL assay was performed on immune SC 
10 without in vitro stimulation significant genetically restricted CTL reactivity was 
detected against T. ^-infected target cells. These results suggest the priming of a 
substantial number of TS A- 1 -specific CTL precursors of which a large population 
remain in a state of activation that allows for their direct detection two weeks after 
the last dose of the DNA vaccine. Similar findings on the detection of CTL activity 
1 5 using unstimulated SC from mice immunized with DNA vaccines have been 

reported for the Vif and Nef proteins of HIV-1 and for the SV40 T antigen. In the 
second strategy, the stimulating and targeting activities of T. cr M z/-infected cells 
were used to confirm the specificity and MHC class I-restricted lytic activity 
displayed by in vitro expanded CTL precursors. These findings and the fact that the 
20 lytic activity was CD8+ T cell-dependent indicate that the observed response was T 
cell- and not NK cell-mediated and attest to the value of this method of 
immunization for priming potent MHC class I-restricted CTL responses in vivo. 

Perhaps the most significant finding of these studies was that vaccination 
with TSA-l-expressing plasmid DNA afforded B6 and BALB/c mice significant 
25 levels of protection against lethal T. cruzi challenge infection. Overall survival 
rates in B6 mice vaccinated with VR1012 TSA1.7 or VR1012 TSA2.1 were 73 and 
55%, respectively. The same constructs furnished BALB/c mice with nearly 
complete protection as 91 and 86% of vaccinated animals survived T. cruzi 
infection. These results are in sharp contrast to the 9% survival observed in animals 
30 immunized with the unmodified VR1012 plasmid for both strains of mice. It should 
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be noted, though, that immunization with the TSA-1 -encoding vectors did not 
prevent recipient mice from getting infected, and DNA-vaccinated mice from both 
strains developed parasitemias, albeit at different levels. In B6 mice, the number of 
circulating parasites in test animals was lower than that observed for recipients of 
the control DNA vaccine, whereas in BALB/c mice, parasitemias were frequently 
similar in both groups of animals. 
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Example II. 

Genetic Immunization Elicits Antigen-Specific Protective Immune Responses 
and Decreases Disease Severity in Trypanosoma Cruzi Infection 



Mice and parasites. Six- to 8 week old female C57BL/6J ("B6") (Jackson 
Laboratory, Bar Harbor, ME) were used in all experiments. The Brazil strain of T. 
cruzi was maintained in vivo by serial biweekly passage of 1()3 blood-form 
15 trypomastigotes (BFT) in C3H/HeSnJ mice and by continuous in vitro passages of 
tissue culture-derived trypomastigotes in monolayers of Vero cells, according to 
standard parasitology techniques. 

Cell lines and culture reagents. Vero (African Green monkey kidney cells, 
ATCC CCL 81, Rockville, MD) and RMA-S cells (an immuno-selected variant of 
20 the RBL-5 lymphoma that is deficient in the expression of class I MHC molecules 
due to a mutation in the TAP-2 peptide transporter, a gift from Dr. M.B. Oldstone, 
Scripps Research Institute, La Jolla, CA) were maintained in complete RPMM640 
medium (Mediatech, Herndon, VA) containing 10% heat-inactivated fetal bovine 
serum (HyClone, Logan, UT), 20 mM HEPES, 2 mM L-glutamine, 1 mM sodium 
25 pyruvate, and 50 ^g/ml gentamicin (all from Gibco BRL, Gaithersburg, MD). 
COS7 cells (SV40 transformed African Green monkey kidney cells; ATCC CRL 
1651) were grown in similarly supplemented Dulbecco's modified Eagle's medium 
(DMEM) (Mediatech, Herndon, VA). T cell medium (TCM) was prepared by 
supplementing RPMI-10% FBS with 50 [xM 2-mercaptoethanol and 0.1 mM non- 
30 essential amino acids (Gibco BRL). 
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Peptides. PepWs were synthesized using Fmoc-based solid phase 
^ > chemistry on an ACT MP^S 350 peptide synthesizer (Advanced Chem Tech 

Louisville, KY) by the Modular and Genetic Instrumentation Facility (MGIF) at 
the University of Georgia. Th^ synthetic peptides pep77.2 (TSA-1 515 522 - 
5 VDYNFTIV (SEQ ID NO:6)) (B,, Wizel et al.JJm^ 159:6120-30 (1997); M. 
S ^os et al., MoLBipchem^Par^ 86:1-1 1 (1997)), PA8 (ASP-2 552 559 - 
VNHRFTLV(SEQ ID NO:7)) and pAl4 (ASP-l 509 .5i 6 ; VNHDFTVV (SEQ ID 
NO:8)) (H. Low et al., JJrnmunpJ. 16^:1817-1823 (1998)) represent H-2Rb 
restricted CTL epitopes from T. cruzi prbteins TSA-1, ASP-2 and ASP-1 
10 respectively. The H-2Kb- res tricted clucke\ ovalbumin CTL epitope OVA 257 26 4 
(SIINFEKL; SEQ ID NO:9) was used as a coWol peptide (0. Rotzschke et al Eur 
Ummunol. 21:2891-4 (1991)). Lyophilized prides were dissolved at 5 mM 
concentration in sterile phosphate buffer saline (PBS, 10 mM Na 2 HP0 4 , 2 mM 
KH 2 P0 4 , 137 mM NaCl, 8 mM KC1, pH 7.4) and stoVed at -20°C. 
15 Plasmid construction. The cDNA fragment of TSA-1, ASP-1 and ASP-2 

genes (D. Fouts et al., MdBipchejn_Pjra^ 46:189-200 (1991); M. Santos et al 
^^^m^. 86:1-1 1 (1997); H. Low et al., Moi^ioto^arasM. " 
88:137-49 (1997)) encoding amino acid residues 78-652, 27-641, 61-705 
respectively (excluding the N-terminal endoplasmic reticulum (ER) targeting signal 
20 sequence and the C-terminal GPI-anchor cleavage/attachment site and hydrophobic 
tail), were amplified by PGR. The recombinant pBluescript II SK+ vectors 
containing TSA-1 (a gift from Dr. David Fouts, University of California, Irvine, 
CA), ASP-1 and ASP-2 were used as template for PCR reactions. Forward and 
reverse oligonucleotides for amplification of TSA-1, ASP-1 and ASP-2 cDNA were 
25 designed to incorporate, respectively, BamHI and HindlH, Bglll and Xhol, and 
Bglll and Smal restriction sites (underlined below) for directional cloning. 
Oligonucleotides were constructed on an Applied Biosystems 394 DNA/RNA 
synthesizer (Foster City, CA) at the MGIF. The forward and reverse 
oligonucleotides used for PCR amplification were 5'- 
30 AGGATCCATGATTGCATTTGTCGAAGGC-3' (SEQ ID NO: 1 0) and 5'- 
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AAAGCJTCATAGTTCACCGACACTCAGTGG-3- (SEQ ID N0:1 1) for TSA-1 ■ 
5'-AAGATCITGTGGAAAGGAATTTGAGG-3' (SEQ ID NO- 12) and 5'- 
ACTCGAGTCACAGTGGGCGGTTGTACAG-3' (SEQ ID NO: 1 3) for ASP- 1 • and 
5'-AAGATCICTGTGAGGCTGCAGACGCTG-3' (SEQ ID N014) and 5'- ' 

5 ACCCGGGTTATTGGTCGCCACCGTTTCC-3-(SEQIDNO:15)forASP-2. The 
amplification products containing the A overhangs generated by Taq DNA 
polymerase during the PCR reaction were cloned in P UC19(T) vector. 

For expression in mammalian cells, the inserts from recombinant pUC19(T) 
plasmids were excised and cloned in the pCMVI.UBF3/2 plasmid (provided by Drs 
10 Kathryn Sykes and Stephan A. Johnston, University of Texas Southwestern Medical 
Center, TX) (Fig. 6). To construct pCMVI.UBF3/2.TSA-l, pUC19(T)TSA-l was 
digested with BamHI and HindHI, and the 1.7 kb TSA-1 fragment was cloned in 
PCMVI.UBF3/2 at similar restriction sites. To construct P CMVI.UBF3/2.ASP-1 
P UC19(T)ASP-1 was digested with Bglll and Xhol, and the 1.8 kb ASP-1 fragment 
5 was cloned in P CMVI.UBF3/2 at Bglll and Sail site, P CMVI.UBF3/2.ASP-2 was 
constructed by cloning at Bglll and Smal sites the 1 .8 kb ASP-2 fragment derived 
from P UC19(T)ASP-2 after digestion with similar restriction enzymes. The 
eukaryotic expression vectors encoding murine cytokine IL-12 (pcDNA3.ms P 35 
and pcDNA3.ms P 40) and murine GM-CSF (pCMVI.GM-CSF) were provided by 
3 Dr. S.A. Johnston. Recombinant plasmids were transformed into £ coli DH5-alpha 
competent cells, grown in L-broth containing 100 ^g/ml ampicillin, and purified by 
anion exchange chromatography using the Qiagen maxi prep kit (Qiagen, 
Chatsworth, CA) according to manufacturer's specifications. 

Gene expression. Expression of the ASP-1, ASP-2 and TSA-1 was assessed 
by transient transfection of COS7 cells with pCMVI.UBF3/2 ASP-1 
PCMVI.UBF3/2.ASP-2 and P CMVI.UBF3/2.TSA-1, respectively substantially as 
described in Example I. Briefly, COS7 cells seeded in 6-well plates (1 X 10* 
cells/well) were transfected with 5 ^g of each plasmid DNA using Lipofectin 
(G.bco BRL). After 48 hours of incubation, cells were transferred to 8-well Lab 
Tek chamber slides (Nunc Inc.. Naperville, IL) at 1 X 1<)4 cells/well, and incubated 
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for an additional 24 hours. Cells were fixed with ice cold methanol, and blocked 
with 1% bovine serum albumin (BSA) in PBS. After blocking, COS7 cells 
transfected with P CMVI.UBF3/2.TSA-1 or P CMVI.UBF3/2.ASP-1 were incubated 
with polyclonal anti-r. cruzi serum (1:200 dilution in PBS-1%BSA) obtained from 
5 acutely or chronically infected mice, respectively. Cells transfected with 

PCMVI.UBF3/2.ASP-2 were incubated with rabbit anti-ASP-2 polyclonal antiserum 
(1:200 dilution in PBS-1% BSA). Cells incubated with normal mouse or rabbit 
serum were used as negative controls. Cells were then stained with fluorescence 
isothiocyanate (FITC)-labeled F(ab') 2 goat anti-mouse or anti-rabbit IgG (1 :50 
10 dilution in PBS-1% BSA, Southern Biotech., Birmingham, AL) (10). Slides were 
mounted in 10% glycerol, 0.1 M sodium bicarbonate (pH 9), 2.5% 1,4- 
diazobicyclo-(2,2,2) octane, and visualized by laser scanning confocal microscopy 
(MRC-600, Bio-Rad Laboratories, Hercules, CA). 

DNA immunization and infection. Female C57BL/6 mice (6 per group) were 
1 5 injected in the quadriceps muscles either with individual plasmid 

(PCMVI.UBF3/2.ASP-1, pCMVI.UBF3/2.ASP-2 or pCMVI.UBF3/2.TSA-l, 100 
Jig DNA/mouse) or with a mixture of ASP-1, ASP-2 and TSA-1 -encoding vectors 
(33 Mgofeachplasmid/mouse). In some experiments, an additional 100 ^g of 
cytokine encoding DNA (pcDNA3.ms P 35, pcDNA3.msp40 [IL-12] and 
20 pCMVI.GM-CSF, 33 ^g each) was injected along with the antigen-encoding DNA. 
Mice were boosted 6 weeks after the primary immunization with an identical dose 
of plasmid DNA. Two weeks after the second immunization, mice were infected by 
intra-peritoneal injection of lethal dose of T. cruzi blood-form trypomastigotes 
(10 5 /mouse, 5 mice per group). Parasitemia were monitored using hemacytometer 
25 counts of 10 nl tail-vein blood. Mortality was recorded daily. 

Measurement of antibody responses. Cell lysates obtained from culture- 
derived T. cruzi (70% amastigotes and 30% trypomastigotes, 1.0 x 10* parasites/ml) 
was used as a source of T. cruzi soluble antigens for capturing serum antibodies. 
Pooled serum samples from immunized mice collected 2 weeks after the first and 
30 second immunization were stored at -20'C until assayed for anti-f. cruzi antibodies 
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by enzyme-linked Immunosorbant assay (ELISA) substantially as described in 
Example I. Briefly, flexible U bottom (96 well) polyvinyl chloride plates (Becton 
Dickinson & Co., Oxnard, CA) were coated overnight at 4'C with 100 ^l/well of T. 
cruzi soluble antigen (5 x 1 0 5 parasite equivalent/well). Plates were blocked for 2 h 
5 at 37°C with 200 ^I/well of 1% non-fat dry milk (NFDM) in PBS. After washing 
with PBS-0.0 5 o/oTween-20 (PBST) and PBS, plates were incubated for 2 hours with 
test sera (100 nl/well) added in two-fold dilutions in triplicate. Plates were then 
incubated at room temperature for 30 minutes with 100 ^l/well of horseradish 
peroxidase-labeled goat anti-mouse immunoglobulin (IgG+M, 1:2000 dilution in 
10 PBST-1% NFDM, Cappel, West Chester, PA). Color was developed with 100 
m/well of ABTS (2,2' -azino-di-O-ethyl-benzthiazoline sulfonate) and the optical 
density was read at 405 nm using an automated ELISA microplate reader (Bio-Tek 
Instruments, Winooski, VT). 

To determine the sub-class of antibodies generated in response to genetic 
15 immunization, plates coated with T. cruzi lysate were incubated first with test sera 
(1 :200) for 2 hours at 37°C and then with biotin-labeled goat anti-mouse-IgM , - 
IgG2a, -IgG2b or -IgGl (1:1000 dilution in PBST-1% NFDM, Southern Biotech. 
Birmingham, AL) for 1 hour at 37°C. After washing with PBS-T and PBS, plates 
were incubated with streptavidin-conjugated horseradish peroxidase (1 -2000 
20 dilution in PBS-T, Cappel, Cochranville, PA). Color was developed and measured 
as above. Standard deviation was derived from an average of 3 replicates. 

Measurement of interferon- y (IFN- y). Serum samples pooled from 6 mice 
in each group were obtained 2 weeks after the second immunization and analyzed 
for the IFN-Y level by specific ELISA substantially as described in G. Nabors et al 
25 (JJmmunpJ. 146:3591-8 (1991)). Briefly, 96 well polystyrene plates were coated 
overnight at 4°C with 100 ^1 of rat anti-mouse IFN-g Ab (R4-6A2, 4 ng/ml in 
PBS). After blocking for 2 hours at 37°C with PBST-1% BSA, serum samples were 
added in triplicate in several two fold dilutions and incubated for 2 hours at 37°C 
For detection of the IFN-y protein, plates were incubated for 1 hour with rabbit 
30 anti-mouse IFN-y antibody (1:1000 dilution in PBST-1% BSA). After Incubation 
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with horseradish peroxidase-labeled goat anti-rabbit IgG (1 : 1000 dilution in PBST- 
1% BSA, Southern Biotech.), color was developed as above. Recombinant mouse 
IFN-y was used to generate a standard curve. 

Cytotoxic Tcell activity. Cytotoxic T cell activity (CTL) activity of effector 
5 T cells obtained from plasmid DNA immunized C57BL/6 mice was measured 2 
weeks after the second immunization. Effector cells were generated by incubating 5 
x 106 immune spleen cells (2.5 x 1()6 cellsAnl TCM, 2 ml/well in 24 well plates) 
with 1 immunogenic peptide. Following 2 days of culture at 3TC in 6% C0 2 , 
the culture medium was supplemented with 5% Rat T-STIM without Con A 
10 (Collaborative Biomedical Products, Bedford, MA) and incubated for 4 additional 
days. For targets, RMA-S (H-2K rj ) cells pre-incubated for 24 h at 29°C, 6% C0 2 
were seeded into 24-well plates (Costar, Cambridge, MA) at 1()6 ce lls/well in 2 ml 
RPMI-10% FBS. Cells were incubated overnight at 3TC in the presence of 100 
|iCi of Na 2 51Cr0 4 (Amersham, Arlington Heights, IL) and 1 ^M of PAH (ASP- 
1509-516), PA8 (ASP-2552-559) or pe P 77.2 (TSA-l 5 l 5 -522) peptide, or OVA 257 . 
264 negative control peptide. Cytolytic activity of effectors against targets was 
measured by the 51 Cr release assay, as previously described (H. Low et al J_ 

Immunol. 160:1817-1823 (1998); B. Wizel et al., J^iinjnvest. 102:1062-71 
(1998)). 

20 Treatment of mice with neutralizing antibodies. In some experiments, mice 

immunized with genetic vaccines were depleted of specific T cell populations by 
treatment with anti-CD8 (H35.17.2, a gift from Dr. Richard Titus, Colorado State 
Urnversity, Fort Collins) or anti-CD4 (GK1.5, American type culture collection, 
Rockville, MD) antibodies substantially as described in R. Tarleton (ijmmmol. 
25 144:717 (1990)). Antibody treatment of mice started the day of infection and the 
specific depletion of lymphocytes was confirmed by flow cytometric analysis of 
splenocytes. 

Histology. Some mice were sacrificed during the acute (30-45 days post- 
infection) or chronic (85-240 days post-infection) phase of T. cruzi infection for 
30 histological examination of heart and skeletal muscle tissue. Heart and skeletal 
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muscle tissue was removed and fixed in 10% buffered formalin for 24 hours, 
dehydrated in absolute ethanol, cleared in xylene and embedded in paraffin. 
Sections (5 ^m) were stained with hematoxylin and eosin and evaluated by light 
microscopy. Tissue parasite burden was quantitated based upon the number of 
5 parasitic pseudocysts present in sections of heart and skeletal muscles obtained from 
immunized/infected mice. Tissue sections were screened in >50 microscopic fields 
(mfs) to assess the parasite load. Tissues were also scored according to extent of 
inflammation. 



0 RESULTS 

In vitro expression ofT. cruzi proteins. T. cruzi genes encoding ASP-1 (amino 
acids 27-641), ASP-2 (amino acids 61-705), and TSA-1 (amino acids 78-652) were 
cloned in CMVI.UBF3/2 mammalian expression vector containing the 
cytomegalovirus (CMV) immediate-early gene promoter, a synthetic intron and a 
5 modified 3 ' UR. (untranslated region) from the human growth hormone (HGH) 
(Fig. 6). The cloned genes were fused to a ubiquitin encoding gene at the 5' end 
(Fig. 6) to promote targeting of the expressed protein to the proteosome and entry 
into the MHC class I pathway of antigen presentation. The expression of ASP-1, 
ASP-2 and TSA-1 was determined by antibody staining of COS7 cells transiently 
) transfected with CMVI.UBF3/2.ASP-1, CMVIUBF3/2. ASP-2 or 

CMVIUBF3/2.TSA-1, respectively. The intense immunofluorescent staining with a 
polyclonal anti-7/. cruzi serum of COS7 cells transiently transfected with 
CMVIUBF3/2. ASP-1 or CMVIUBF3/2.TSA-1 confirmed the cytoplasmic 
expression of ASP-1 and TSA-1, respectively. The cytoplasmic expression of ASP- 
2 in CMVIUBF3/2-ASP-2 transfected COS7 cells was confirmed by 
immunofluorescent staining with a rabbit anti-ASP-2 polyclonal antiserum. In 
contrast, no fluorescence was detected when transfected COS7 cells were stained 
with normal mouse or rabbit serum, nor using either sera in cells transfected with 
the vector DNA alone. 
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Induction o/T. cruzi specific humoral and cellular immune responses by 
DNA immunization. The induction of T. cn/z/-specific antibodies following 
intramuscular immunization of mice with DNA vaccines was determined by 
ELISA. T. crwz/-specific antibodies were not detectable in sera collected after the 
5 first immunization. The presence of parasite specific antibodies in sera of 

immunized mice was assessed two weeks after the second immunization by ELISA 
. Sera from normal mice (NMS) and mice chronically infected with T. cruzi (CMS) 
were used as negative and positive controls, respectively. Moderate levels of 
parasite-specific antibodies were detected in the sera of mice immunized with 
10 CMVIUBF3/2.ASP-2 (Fig. 7A), but remained below the limit of detection in sera 
from mice immunized with CMVIUBF3/2. ASP- 1 or CMVIUBF3/2.TSA-1. 
Likewise, control mice immunized with vector DNA alone or cytokine vectors only 
exhibited no parasite-specific antibodies in the sera. 

ASP-1, ASP-2 and TSA-1, all contain H-2Kb-restricted epitopes that are 
1 5 recognized by CTLs induced in T. cruzi infected C57BL/6 mice (B. Wizel et al.,J. 
Immunol 159:6120-30 (1997); H. Lowet al., LimmunoL 160:1817-1823 (1998)). 
We determined whether antigen-specific CTLs were induced in mice following 
immunization with the ASP-1, ASP-2 or TSA-1 encoding plasmid DNA constructs. 
Two weeks after second immunization, splenocytes from one mouse in each group 
20 were harvested and stimulated in vitro with ASP- 1 , ASP-2 or TS A- 1 derived H-2K*> 
restricted CTL epitope peptides (PAH, PA8 and pep77.2 respectively, 1 |iM). The 
effectors derived from these cultures were tested for their ability to lyse 5 1 Cr 
labeled RMA-S cells pulsed with homologous peptide(s) or the irrelevant peptide 
OVA257-264- Moderate levels of peptide-specific lytic activity were evident in 
25 mice immunized with CMVI.UBF3/2.ASP-1, CMVI.UBF3/2.ASP-2 or 

CMVI.UBF3/2.TSA-1 (Fig. 8A). Splenocytes from mice immunized with vector 
DNA did not show CTL activity against any of the peptide-sensitized target cells 
(Fig. 8A). 
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Enhancement ofT. cruzi specific immune responses by co-delivery of 
cytokine a^ants. IL-12 and GM-CSF have show, utility as genetic adjuvants, 
and in addition have been shown ,„ be very important in controlling the disease 
outcome to T. cruzi infection (E. Olivares Font, e. al., E8rjalaJinaniIial.17-135.tl 
5 (1995); E. Olivares Fontt e. al., tafejm^,, o4 :3429-34 (1996,; 1. Abrahamsohn 

^HhSSmm. We determined whether the immune response to T. cruzi genetic 
vaccnes is enhanced by co-administration of DNA expression constructs encoding 
IL-12 and GM-CSF. Immunization of mice with cytokine adjuvants and antigen- 
ic encodmg plasmid(s) resulted in splenomegaly, an indicator of increased B and T 
cell prohferation. In addition, a sigmfican, i ncre ase fa me level of parasite specific 
humoral and cellular immune responses was observed in mice immunized with 
cytokme adjuvants and the antigen-encoding vector(s) reiative ,o mice immunized 
with antigen-encoding vector alone (Figs. 7 and 8). 
1 5 The antibody levels in sera of mice injected with cytokine^xpression 

constructs and CMVI.UBF3/2.ASP-1 or CMVI.UBF3/2.ASP-2 were compare ,„ 
lhat ofm.ee chronically infected with T. cruzi (Fig. 7A). Mice immunized with 
PCMV1.UBF3/2.TSA-, and cytokine-encoding piasmids also exhibited a sigmfican, 
level of serum antibodies (Fig. 7A). Mouse sera pooled from individual ail blood 
20 samples two weeks after the second immunization were ,es,ed for the presence of 
parastte specific antibody sub-types by ELBA. The increase in antibody response in 
m,ce immuntzed with cytokine-encoding piasmids and CMVI UBF3/2 ASP 1 
CMVI.UBF3/2.ASP-2 or CMVI.UBF3/2.TSA-1 was evident in , gG ,, ,g 02 a and 
IgG2b antibody subclass (Fig. 7B). 

25 Delivery of cytokine-encoding vectors with the antigen-encoding piasmids 

s,gn,fican,iy enhanced the activation of antigen-specific CTLs (compare Figs 8A 
and B). Splenocy.es obtained 2 weeks after second immunization were stimula.ed 
» mo with antigen-specific peptides. In comparison to splenocytes obtained from 
mice immunized with CMVI.UBF3/2.ASP-1. CMVI.UBF3/2 ASP ■> or 

30 CMV1.UBF3/2.TSA-I. spleen cells from mice co-immunized with cytokine 
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adjuvants and antigen-encoding vector(s) exhibited a 2-4 fold increase in antigen- 
specific cytolytic activity (Figs. 8A & B, 40:1 E:T ratio). In addition, IFN-y in sera 
pooled from individual tail blood samples 2 weeks after the second immunization 
was assessed by ELISA. Serum IFN-y level in mice immunized with 
5 CMVI.UBF3/2, CMVI.UBF3/2. ASP- 1 , CMVI.UBF3/2.TSA-1, or cytokine 

adjuvants was ~0.05-0.25 ng/ml. Serum levels of IFN-y were increased by >4-fold 
when mice were immunized with cytokine-expressing plasmids plus 
CMVI.UBF3/2. ASP- 1 , CMVI.UBF3/2.ASP-2 or CMVI.UBF3/2.TSA-1 as 
compared to mice immunized with antigen-encoding vector(s) only (Fig. 8C). 
10 These results demonstrate that the T. ^-specific immune responses elicited by 
DNA vaccines can be enhanced by co-administration of cytokine adjuvants. 

Protection from lethal T. cruzi infection. We next determined whether the 
immune responses elicited in mice upon immunization with ASP-1, ASP-2 or TSA- 
1-encoding constructs were protective against T. cruzi infection. Two weeks after 
1 5 the second immunization, mice were challenged with a lethal dose of T. cruzi (1 0$ 
BFT/mouse) and blood parasite levels and mortality was monitored. 

All mice injected with ASP-1 DNA vaccine exhibited lower parasitemia 
levels as compared to either ASP-2 or TSA-1 immunized mice, or control mice 
injected with vector DNA (Fig. 9A). As shown in Fig. 9B, 75% of mice 
20 immunized with the CMVI.UBF3/2 encoding ASP-1, ASP-2 or TSA-1 survived a 
minimum of 42 days post-infection (dpi), while 75% mice injected with the control 
vector DNA succumbed to T. cruzi infection by 42 dpi. In pooled results from 4 
experiments, 40% (4/10) of mice immunized with CMVI.UBF3/2. ASP-1, 66% 
(10/15) of mice immunized with CMVI.UBF3/2.ASP-2 and 30% (3/10) of mice 
25 immunized with CMVI.UBF3/2.TSA-1 were protected from challenge T. cruzi 
infection while 90% (18/20) of mice immunized with CMVI.UBF3/2 succumbed to 
infection. 

The enhanced activation of humoral and cellular immune responses in mice 
receiving the combination of antigen-encoding plasmids and cytokine-expression 
30 constructs was associated with increased resistance to T. cruzi infection. All mice 
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vaccinated with cytokine-expressing plasmids and CMVI.UBF3/2. ASP- 1 , 
CMVI.UBF3/2.ASP-2 or CMVI.UBF3/2.TSA-1 efficiently controlled theacute 
infection; parasitemias became undetectable 35 days post-infection (Fig. 9C), and 
all mice survived at least 70 days post-infection (Fig. 9D). In comparison, all mice 
5 injected with vector DNA alone exhibited high blood parasite levels and succumbed 
to T. cruzi infection by 62 days post-infection (Figs. 9C and D). 

Co-immunization with multiple antigen-encoding expression vectors induces 
resistance to T. cruzi infection and Chagas disease. In an attempt to maximize the 
protective capacity of genetic immunization for T. cruzi infection, C57BL/6 mice 
10 were immunized with a mixture of ASP-1, ASP-2 and TSA-1 encoding vectors, 
with or without cytokine-expressing plasmids. Mice injected with vector DNA or 
cytokine-encoding plasmids only were used as controls. Serum antibody levels 
were measured using ELISA two weeks after the second immunization. As 
expected, mice immunized with antigen (ASP-l+ASP-2+TSA-l)-encoding vectors 
5 with or without cytokine-expression constructs showed parasite-specific antibody 
responses and CTL activity (Fig. 10). Mice vaccinated with CMVI.UBF3/2 
encoding ASP-1, ASP-2 and TSA-1 plus cytokine adjuvants (IL-12+GM-CSF) 
exhibited a 1.5-3 -fold increase in parasite-specific serum antibodies (Fig. 10A) and 
IFN-y, and an overall increase in antigen-specific CTL activity in comparison to 
) mice immunized with a mixture of antigen-encoding constructs alone (Figs. 10B-E). 
An inhibitory or additive effect on elicitation of antigen-specific immune responses 
was not observed in mice immunized with the combination of three antigen- 
encoding vectors. 

Immunization of mice was followed 2 weeks later by intra-peritoneal 
infection with blood-form trypomastigotes (1()5 / m0U se). Immunization of mice 
with multiple antigen-encoding plasmids with or without cytokine-expression 
plasmids induced resistance to T. cruzi infection, although not at a level that was 
significantly better than that induced with single antigen-encoding plasmid (Fig. 
1 1). In pooled results from 2 experiments, 58% (7/12) mice immunized with the 
three antigen-encoding vectors and >80% (10/12) mice immunized with antigen- 
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encoding vectors plus cytokine-expression plasmids were protected from challenge 
T. cruzi infection. Interestingly, mice vaccinated with cytokine (IL-12+GM-CSF) 
adjuvants only exhibited better control of blood parasite burden and delayed time to 
death compared to control mice which consistently showed an increase in blood 
5 parasite level (Fig. 1 1 A) and succumbed to infection (Fig. 1 1 B). 

Histopathologic^ analysis. The above results suggested that genetic 
immunization can be used to generate and modulate the immune responses that 
assure survival from challenge T. cruzi infection. However, survival from T. cruzi 
infection does not affirm the absence of Chagas' disease. We therefore determined 
3 if generation of effector immune responses by genetic immunization would result in 
decreased severity of disease during the chronic stage of T. cruzi infection. 

For this analysis, sections from heart and skeletal muscle of mice immunized 
and challenged with 10 5 BFT were assessed at various time intervals for tissue 
parasite burden and inflammation. Mice were infected two weeks after second 
immunization with a lethal dose of T. cruzi BFT (lOVmouse). Irrespective of the 
immunization conditions, mice in all groups exhibited moderate to high 
inflammatory responses in skeletal muscles and heart during acute phase of 
infection (45 dpi) (Fig. 12, Table 2). However, the extent of tissue parasitism varied 
depending upon the immunization conditions. Mice immunized with a mixture of 
antigen-encoding vectors plus cytokine-expression constructs exhibited the lowest 
level of tissue parasite burden (0-2 parasite pseudocysts per microscopic field (mf), 
Fig. 1 2D, Table 2). 
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In comparison, mice injected with ASP-1, ASP-2 or TSA-1 -encoding vector 
(individually) plus cytokine-expression plasmids (1-5 parasite nests/mf) or mice that 
received the antigen-encoding vector(s) (individually or in combination), cytokine 
plasmids only, or empty plasmid alone (2-10 parasite nests/mf) exhibited moderate 
5 to high tissue parasites (Figs. 1 2A-C, Table 2) 

Tissues were collected 150 days post-infection. The extent of 
inflammation and associated tissue damage in heart tissue and skeletal muscle 
during the chronic phase of infection was remarkably reduced in mice immunized 
with a mixture of T. cruzi antigen-encoding constructs with or without cytokine- 
10 expression constructs (Fig. 13D). Although a majority of the animals in the control 
group (>90%) died due to high blood and tissue parasite burden during the acute 
phase of T cruzi infection, a few animals that did survive to chronic phase of 
infection showed extensive skeletal muscle inflammation and tissue necrosis (Fig. 
13A, Table 2), the hallmarks of Chagas' disease development. In sharp contrast, 
1 5 mice surviving infection following immunization with cytokine genes alone, the 
mixture of antigen-encoding plasmids, or ASP-1, ASP-2 or TSA-1 -encoding 
plasmid plus cytokine-expression vectors; all exhibited moderate inflammatory 
response up to day 240 post-infection (time point after which experiments were 
terminated). These results demonstrate that the DNA vaccines used in this study are 
20 effective in controlling the tissue parasite burden and consequently the associated 
symptoms of chronic Chagas' disease. 

Depletion ofCD4~ or CD8 T cells and loss of resistance to T. cruzi 
infection. We next determined whether vaccination with ASP-1 , ASP-2 or TSA-1 
genes provided protection from T. cruzi infection through CD4 + and/or CD8 + T cell 
25 dependent immune mechanisms. C57BL/6 female mice were immunized twice 
with vector DNA or a mixture of antigen-encoding plasmids plus cytokine- 
expressing plasmids, and challenged with 1 x 105/mouse BFT. During the course of 
infection, some mice (as indicated) were treated with the anti-CD8 or anti-CD4 
antibody at weekly intervals. As determined by flow cytometric analysis, treatment 
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with H35. 1 7.2 or GK1 .5 antibodies resulted in specific depletion of >95% CD8 + or 
CD4 + T cells, respectively. 

Depletion of either of the T cell population resulted in a decreased ability of 
immunized mice to control T. cruzi infection. As compared to untreated mice 
5 depletion of either of the CD4+ or CDS +T cells in mice treated with GK1.5 or 
H35. 1 7.2 antibodies resulted in a substantial increase in blood parasite burden (Fig. 
14A). All mice in the treated groups depleted of either of the T cell population died 
before day 30 of infection. These results suggest that both CD4+ and CD8 + T cells 
are required for the elicitation of effective immune responses and protection from T. 
1 0 cruzi infection in DNA immunized mice. 



DISCUSSION 

In this study, we have determined the utility of T. cruzi genes encoding for 
ASP-1, ASP-2and TSA-1 as genetic vaccine(s) for control of 7! cruzi infection and 
15 treatment of Chagas disease in a murine model system. All three antigens (ASP-1, 
ASP-2 and TSA-1) are expressed as GPI-anchored proteins by infective or 
intracellular stages of T. cruzi, and have previously been shown to be recognized by 
CTLs from chronically infected mice and humans (H. Low et al., JJmmunoj 
160:1817-1823 (1998); B. Wizel et al., J^linjnyest. 102:1062-1071 (1998); B. 
20 Wizel et al., JJmmunol. 159:6120-30 (1997)). In addition, ASP-1, ASP-2 and 
TSA-1 elicit strong antibody responses in T. cruzi infected mice (R. Wrightsman et 
al., JJnmnmol. 153:3148-3154 (1994); M. Santos etal., MoL^iodiem,_PjrasjtoJ. 
86:1-11 (1997); A. Pan et al., XJmmunol. 143:1001 (1989)). 

We found that intramuscular immunization of mice with ASP-1, ASP-2 or 
25 TSA-1 encoding plasmids (individually or in combination) resulted in elicitation of 
moderate antigen-specific CTL activity, and marginal to no Ab responses. The 
restricted induction of antibodies upon delivery of DNA vaccines via intramuscular 
route has previously been reported by other labs (M. Barry et al., Vaccine 15:788-91 
(1997)). Nevertheless, mice immunized with ASP-1. ASP-2 or TSA-1 encoding 
30 vectors exhibited a degree of protection from T. cruzi infection as evidenced by 
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decrease in blood parasite burden and longevity, and control of Chagas' disease 
during the chronic phase of T. cruzi infection. 

To maximize the protective capacity of DNA vaccines to T. cruzi infection, 
we refined our immunization strategies to enhance the magnitude of the immune ' 
5 responses by co-delivery of immunologic adjuvants along with the antigen- 
encoding vector(s). IL-12 and GM-CSF were selected for co-immunization with 
antigen-encoding vectors. The importance of IL-12 and GM-CSF in immune 
control of T. cruzi has been shown by the fact that treatment of mice with IL-12 or 
GM-CSF neutralizing antibodies results in increased susceptibility to T. cruzi 
10 infection, while in vivo delivery of rIL-12 or rGM-CSF enhances resistance to T. 
cruzi infection. In addition, we and others have shown by infection studies in 
knock-out mice deficient in various immune functions that immunity to T. cruzi 
requires the induction of antibodies, CTLs and Thl type cytokines. Immunization 
of mice with GM-CSF and IL-12 -encoding plasmid DNA along with T. cruzi 
1 5 antigen-encoding vectors was expected to elicit more efficient humoral and cellular 
immune responses and to direct the host immune activity towards a typel cytokine 
response. 

Several immunologic effects of co-administration of cytokines with DNA 
vaccines were observed. First, co-delivery of cytokines resulted in splenomegaly, 
) an indicator of increase in B and/or T cells number and enhanced immune 

reactivity. In addition, we observed an increase in the induction of antigen-specific 
cellular and humoral immune responses and secretion of Thl cytokines by co- 
administration of IL-12 and GM-CSF. We detected moderate to no T. cr M z/-specifi C 
antibodies upon immunization of mice with T. cruzi gene(s), but a significantly 
increased antibody response was detected when DNA immunogen(s) were delivered 
with cytokine-expressing plasmids. The local presence of GM-CSF at the site of 
antigen expression might have helped either by increased proliferation of antigen 
presenting cells or by increasing the MHC-associated antigen presentation, leading 
to more effective, antigen-specific B cell activation and antibody production. 
Enhancement of antibody responses to viral antigens by co-inoculation of DNA 
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encoding GM-CSF has been previous* shown (,. Sin e, a ,„ Eur . , ^ 
28:3530-4038 (1998); J. Kim e, *JJ l m* Ba £y Mllil * a ^J^ m 

The consistent and dramatic increase in antigen-specific CTL activity in 
rn.ceco-immum.ed with cytokine adjuvants and T. crM antigen-encoding vectors 
Ondtv, dually or in c„m b i„ a , iori) could ^ be jn ^ ^ ^ ^ ^ 

of IL-I2, a key cytokine invoived in CDS' T cell activation and proliferation The 

activi* of effectors generated from immtmized mice against targe, ce„s pu,sed 
*«. non-specific peptides was statistically insignificant, suggesting tha, the 
mcrease m cytotoxic response by co-admim-stiation of cytokines (lL-,2) was the 
resu,, of the activation of antigen-specific T lymphocytes, no, due ,„ non-specific 
HI* activity of NK cells. As the peptides used in CTL assays were MHC class !- 
rested, we condude tha, the CTL activity induced by genetic immunization is 
MHC class I-restricted and CDS* T cell dependent. 

In addition ,„ CTL activity, „ e also observed „ ^ 
and IgG2a type antibody in mice co-immunized with cytokine adjuvants and 
antigen-encoding DNA. However, increase in IFN-g production in mice receiving 
cytokme adjuvant was also associated with consistent increase in ,g G1 and lg G2b 
antibodies. Previous studies have tndicated the increase in IgG, i„ immunized mice 
that exhtb,, mcreased IFN-y production upon treatment with IL-12 (J Bliss e, al J 
) ftttmul. 156:887-94(1996)). Theco-de,ive,y„nL.,2 ( a„dGM-CSF)wi,h ~ 
antigen-encoding vecto* was expeced ,„ enhance the type 1 immune response- 
however, the vaccine cocktai, used in the present study was no, designed ,„ block 
.he production of ^ 2 C y, okine , ^ ^ ^ ^ ^ f ^ 

comp.e,ely .owards type 1, the inability ,„ generate threshold level of IFN-g 
reared for antibody switch ,„ , gG 2, or the production of substantia, levei of,™ 
cytokines (e.g. 1L-4) in ™ ice immuriized ^ ^ 

Oloktne adjuvants mig h, have contributed to ,he induction of b„,h type I and type 2 
antibody subtypes. 

Mice immunized with ASP-1. ASP-2 or TSA-I encoding vecors wi,h or 
w-h„u, cytokine expressing p,asm,ds exhibi.ed a vanab.e degree of pro.ection from 
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T. cruzi infection. The protection was related to the prior induction of immune 
responses, mice immunized with CMVI.UBF3/2.ASP-2 or the mixture of antigen- 
encoding vectors plus cytokine adjuvants mounted the maximal immune responses 
in terms of anti-r. cruzi antibodies, CTL activity and type 1 cytokines and were 
5 most resistant to T. cruzi infection as evidenced by decreased blood parasitemia and 
longevity. The loss of resistance in vaccinated mice depleted of either of the T cell 
population supports the conclusion that ASP-1, ASP-2 and TSA-1 encoding DNA 
vaccines conferred protection from T. cruzi infection through the participation of 
CD4 + and CD8 + T cells. In this regard, previous reports from ours and other labs 
10 have demonstrated that both CD4 + and CD8 + T cells play an important role in 
determining the disease outcome in murine model of T. cruzi infection. It is 
intriguing that mice immunized with cytokine adjuvants were better equipped to 
control blood and tissue parasites, and inflammation than mice injected with vector 
alone. We consider that the presence of IL-12 and GM-CSF at the time of infection 
15 (2 weeks following the second immunization) might have augmented the parasite- 
specific responses induced by the challenge infection. 

The most striking observation in this study is perhaps the demonstration that 
the prior induction of systemic immunity by DNA vaccines reduced the severity of 
Chagas disease during chronic phase of T. cruzi infection. The infection 
20 experiments in this study were designed such that the efficacy of DNA vaccine(s) 
was determined based upon survival from T. cruzi infection. Therefore, mice were 
infected with a high dose of BFT (1 x 10 5 ) that was sufficient to kill a majority of 
the control animals during the acute phase of infection, long before the development 
of chronic chagasic symptoms. Under such conditions, mice immunized with 
25 antigen-encoding vector(s) and cytokine adjuvants not only survived the challenge 
T. cruzi infection, but also controlled the blood and tissue parasite burden and 
exhibited a dramatic reduction in skeletal and heart muscle inflammation and 
necrosis during the chronic phase of T. cruzi infection. It is likely that effective 
control of parasites early during the acute phase of infection resulted in the control 
30 of tissue parasite load and associated Chagas' disease development. Regardless of 
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the mechanism, our results provide the first evidence that DNA vaccination is a 
viable approach to reduce the severity of chronic T. cruzi infection. Additional 
experiments using appropriate mouse-!, cruzi combinations so that control animals 
survive and develop chronic phase of Chagas' disease are in progress for the 
5 comparative analysis and the quantification of effectiveness of DNA vaccines for 
the prevention of Chagas disease in a variety of models. 

In conclusion, we have demonstrated that (i) genetic vaccines constituted by 
ASP-1, ASP-2, TSA-1 are useful for the induction of immunity to T. cruzi infection 
and the prevention of Chagas disease (ii) individual or multiple antigens can be 
10 delivered for the elicitation of antigen-specific immune responses, (iii) the quality 
and the quantity of immune responses elicited by T. cruzi DNA vaccine(s) can be 
enhanced by co-delivery of cytokine expression plasmids, (iv) the stimulation and 
maintenance of antigen-specific CD4 + and CD8 + T cells is essential for efficient 
control of T. cruzi infection by genetic immunization. Although the three genes 
15 tested in this study failed to prevent T. cruzi infection or eliminate the parasites 
from infected animals, they did control infection and Chagas' disease. 



Example IIL 

Therapeutic Genetic Immunization of Mice Infected with T. cruzi Reduces 

Disease Severity 



20 



The protocol and genes used here were the same as with the prophylactic 
immunization described in Example II. Mice were infected with 1000 blood-form 
trypomastigotes of the Brazil strain of T. cruzi and then 4.5 months later, 

25 immunized with 33 ug each of the TSA-1, ASP-1 and ASP-2 plasmids in 

combination with the IL-12 and GM-CSF-containing plasmids as in Example II. 
Approximately one year later, these mice were sacrificed and the skeletal and heart 
muscle subjected to standard histopathological analysis. Mice which received the 
empty plasmid or cytokine genes alone showed extensive inflammation and tissue 

30 scarring characteristic of Chagas" disease. Mice receiving the plasmids containing 
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the T. cruzi genes or the combination of T. cruzi genes and cytokine plasmids were 
essentially free of inflammation and disease (Fig. 15). 



Example IV. 



Comparison of Protective Cellular and Humoral Immune Responses to 
Trypanosoma Cruzi Infection in B6 and C3H Mice Using DNA Vaccines 



10 



Methods. Truncated version of the genes encoding trans-sialidase super- 
family members ASP-1 (amino acids 27-641), ASP-2 (amino acids 61-705) and 
TSA-1 (amino acids 78-652) were cloned in eukaryotic genetic expression vector 
CMVI.UBF3/2 as in Example II. 

C57BL/6 (B6, H-2b) m i ce ("B6 mice") are described in Example II. B6 
15 mice (5/group) were immunized twice at an interval of six weeks with antigen 
(ASP-1, ASP-2 and TSA-1, 1 each) encoding vectors with or without IL- 12 and 
GM-CSF expression constructs (33 each). Two weeks after the second 
immunization, mice were challenged with BFT (Brazil strain, 1 x 105/mouse) and 
mortality was recorded daily. 

20 C3H/HeSnJ (C3H, H- 2 k) m ice ("C3H mice") were obtained from 

Jackson Laboratories (Bar Harbor, Maine) at 6-8 weeks of age. C3H mice (5/group) 
were injected with CMVI.UBF3/2 containing ASP-1, ASP-2 and TSA-1 with or 
without cytokines encoding plasmids (33 H each) as above. The presence of 
parasite-specific antibodies was assessed by ELISA using sera pooled from 

25 individual tail blood samples (5 mice per group) collected 2 weeks after the second 
immunization. Negative and positive controls were sera from normal mice (NMS) 
and from mice chronically infected with T. cruzi (CMS), respectively. Two weeks 
after second immunization, animals were infected by intraperitoneal injection with 

10 T Cru:i BFT - Blood levels were monitored using hemacytometer 

30 counts of 1 0 |il tail-vein blood. 
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Multicomponent vaccin e in B6 mice . As described in Example II, B6 
mice immunized with CMVI.UBF3/2 containing ASP-1, ASP-2 and TSA-1 genes 
exhibited moderate levels of T. cruzi specific antibodies and antigen-specific CTL 
activity. When challenged with a lethal dose (10 5 /mouse) of T. cruzi 
5 trypomastigotes, all mice immunized with ASP-1 , ASP-2 and TSA- 1 encoding 
genes exhibited lower parasitemia levels, and 60% of the mice survived the 
challenge infection. Of the mice injected with the control vector DNA, 80% 
succumbed to T. cruzi infection (Fig. 16 A). However, like immunization with TSA- 
1 alone (Example I), the three genes together also failed to provide complete 
0 protection from T. cruzi infection. Immunized mice which survived the challenge 
infection exhibited varying degrees of inflammation in the heart and/or skeletal 
muscles, indicative of the persistent infection. 

Multicomponent vaccine with cytokine in B6 mice . IL-12 and GM-CSF 
have shown utility as vaccine adjuvants, and in addition have been shown to be 
5 important in controlling disease outcome to T. cruzi infection (E. Fontt et al., Infect 
Immun. 66:2722-2727 (1998)), C. Meyer zum Buschenfelde et al., Clin. Exp. 
Immunol . 1 10:378-385 (1997)). IL-12 and GM-CSF have been reported to enhance 
both humoral and cellular immune responses (Y. Chow et al., J. Immunol . 
1 60: 1 320- 1 329 ( 1 998); M. Geissler et al., J. Immunol . 158:1231-1237(1 997); K. 
Irvine et al., J. Immunol. 156:238-245 (1996); J. Kim et al., J. Immunol . 158:816- 
826 (1997); Z. Xiang et al., Immunity 2:129-135 (1995)). As described in Example 
II, mice vaccinated with ASP-1, ASP-2 and TSA-1 DNA plus the IL-12 and GM- 
CSF expression constructs exhibited significantly higher levels of T. cruzi specific 
antibodies and CTL activity compared to mice immunized with antigen encoding 
expression constructs alone. The enhancement in activation of both humoral and 
cellular responses by co-injection of cytokines encoding vectors correlated with 
increased resistance to T. cruzi infection, as evidenced by the reduction in blood 
parasites, tissue parasites and inflammation and increased survival (Fig. 16A & B). 

C3H mice. The ability of genetic vaccines to provide protection from T. 
cruzi infection in another inbred mouse strain (C3H mice) which is more susceptible 
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than the B6 mouse strain to infection with Brazil strain of T. cruzi was examined 
Immunization of C3H mice with antigen encoding vectors and cytokine expression 
Plasmtds resulted in induction of significant levels of anti-parasite antibodies (Fig. 
17A). However, when challenged with a lethal dose of BFT (1000/mouse) C3H 
5 mice immunized with ASP-l+ASP-2+TSA-l encoding plasmids with or without IL- 
12+GM-CSF expression constructs exhibited high parasitemia similar to control 
mice injected with vector alone (Fig. 1 7B). All mice succumbed to infection 
irrespective of vaccination by 39 days post-infection (Fig. 17Q. 

Summary. Following intramuscular immunization with ASP-1, ASP-2 
10 and TSA-1 expression plasmids, C57BL/6 (B6, H- 2 b) mice exhibited moderate 
level of immunity to T. cruzi infection, which was significantly enhanced by co- 
dehvery of IL-12 and GM-CSF encoding plasmids. The level of protection 
correlated with the amount of antigen encoding vectors used for immunization. 
Desp.te the successful vaccination of B6 mice, immunization of C3H/HeSnJ (C3H 
15 H-2k) mice with plasmid DNAs expressing ASP-1, ASP-2, TSA-1 with or without' 
IL-12, GM-CSF failed to generate significant protective immunity. It should be 
noted, however, that C3H mice are extremely susceptible to infection with T cruzi 
(typically lOOo/o mortality is observed upon initial infection) and thus would have 
been expected to respond differently. These results do demonstrate that 
20 multicomponent genetic vaccines constituted by ASP-1, ASP-2 and TSA-1 are useful 
for the mduction of partial immunity to T. cruzi infection, and the minimal amount 
of each DNA required for elicitation of protection from T. cruzi infection is in the 
range of 0.1-1 ^g. The quality and the quantity of immune responses can be 
enhanced by co-delivery of cytokine expression plasmid, The immune response 
25 generated by the three genes in B6 mice was significant, although not sufficient to 
prevent T. cruzi infection or to prevent death from infection in 100% of vaccinated 



animals. 
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Example V. 

Determination of Minimal Plasmid DNA Sufficient to Elicit Immunity 

To determine the minimal amount of plasmid DNA sufficient to elicit 
immunity to T. cruzi, mice were immunized with various dilutions of each of 
CMVI.UBF3/2-^SP-7, -ASP-2 or -TSA-1 genes, (0.001-33 |ig/mouse). Co- 
immunization with up to 10 ng of each gene provided the similar levels of resistance 
as provided by 33 jig of each gene, though detectable level of CTL responses were 
generated only in mice immunized with 33 (ig of each DNA vaccine. None of these 
groups of mice exhibited detectable antibody responses. When T. cruzi genes were 
co-delivered with cytokine adjuvants, as little as 1 ng of vaccine DNA resulted in 
activation of T. cruzi specific, MHC class I restricted T cells capable of cytolytic 
activity, while 10 ng of each DNA was needed to induce the production of moderate 
levels of antibodies. The degree of reduction in tissue and blood parasite load, the 
intensity of inflammatory infiltrate in myocardial tissue and the level of resistance 
to T. cruzi infection correlated with the amount of DNA delivered, with the 
maximum protection being observed with 0.1-33 |ig of each vaccine DNA and 
cytokines. All the mice immunized with 1-33 |ig of DNA along with cytokine 
adjuvants survived a minimum of 90 days post-infection (dpi), in comparison to 
controls which succumbed to infection as early as 35 dpi. 

Example VI. 

Identification of Immunogenic Polypeptides Using Expression Library 

Immunization (ELI) 

ELI is unbiased with respect to antigen type by putting no constraints on 
nor making any predictions about antigens which should be good vaccines. ELI is 
also unbiased with respect to the immune effector mechanism that should be 
induced to get good protection - DNA vaccines generally elicit both cellular 
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(including CD8 + -dependent) and humoral responses and can be designed or 
delivered to emphasize either or both. 

Efficacy of vector pORF.GFP for the selection ofORF-genes. Although we 
have already constructed a small library of T. cruzi genomic DNA in pCDNA3, we 
5 are in the process of constructing an ORF library of up to 50,000 clones in 
ORF.GFP vector. Screening of the T. cruzi genome for protective genes by ELI 
would be greatly facilitated by the generation of an ORF-library. pORF.GFP has 
been designed by Johnston et al. (Texas Southwestern Medical Center, TX) for the 
selection of inserts with long ORF in E. coli. An K coli optimized green 
1 0 fluorescent protein (GFP) encoding gene is inserted in pCMVI, 3 ' to the unique 
restriction site to be used for cloning of random genomic inserts. A T7 promoter 
and ATG codon along with Shine-Delgarno sequence is positioned upstream of 
BamHI site, and a T7 termination sequence is provided downstream of GFP. E. coli 
HMS174 cells which contain T7 polymerase under the control of isopropyl (3-D 
1 5 thiogalactopyranoside (IPTG) inducible LacZ promoter are transformed with the 
recombinant plasmids. T7 polymerase mediates transcription and translation from 
the insert-GFP fusion genes if insert DNA is present as a continuous open reading 
frame in fusion with the GFP encoding gene. Inserts which are out of frame or are 
oriented in reverse and therefore likely to contain stop codons (considering all 
!0 codons are utilized at equal frequency, 1 5 stop codons/kb of non-coding DNA can 
occur) would not read through and express GFP. Two versions of ORF.GFP 
plasmid that will be used for cloning of the T. cruzi genomic DNA are 
ORF.PA.GFP and ORF.PNA.GFP. Both plasmids contain Pad and AscI 
restrictions sites surrounding the unique BamHI (In ORF.PBA.GFP or Narl (In 
5 ORF.PNA.GFP) restriction sites for cloning of the random genomic inserts. 

Genomic DNA digested with Sau3A enzymes can be cloned in pORF.PBA.GFP at 
the BamHI site while genomic DNA digested with Hpall. Taql or HinPII can be 
cloned in pORF.PNA.GFP at the Narl. 

The fluorescent signal obtained with illumination of GFP expressing 
0 bacteria under uv light provides an easy tool for sorting of the recombinants 
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containing ORF-genes. The efficacy of the pORF.PBA.GFP plasmid to provide 
selection for ORF-genes has been determined by Johnston et al. For this, the 
bacteria transformed with a yeast or T. cruzi genomic library constructed in 
pORF.PBA.GFP plasmid were induced for GFP expression on LB-agar plates 
5 containing 40 \iM IPTG and incubated at 30°C for 2 days. Recombinants which 
expressed GFP were manually picked by visualization of fluorescent signal obtained 
upon illumination with long wave uv transilluminator. Sequencing of 50 randomly 
picked GFP-positive clones from the yeast library and 30 clones from the T. cruzi 
library suggested the presence of ORF in all of the sequenced clones and unbiased 
10 representation of the genome (GFP expression was not based upon the insertion of 
specific group of genes or sequences). Sequencing of these clones also confirmed 
the incorporation of single insert /clone and the absence of chimeric fusion genes. 
Thus, we expect that selection of bacteria expressing high levels of inducible GFP- 
based fluorescence from the library generated with T. cruzi genomic DNA in the 
1 5 pORF.GFP vector will provide a representative ORF-library containing most T. 
cruzi genes. 

Generation of a T. c\zi ORF-library in a eukaryotk expression vector. The 
ORF. GFP library clones rrom\each 96-well plate are pooled together. Plasmid 
DNA isolated from the plate pools is digested with Pad and AscI restriciton 

!0 enzymes, separated on 1 % agarose ^els. ).2 to 1 kB T. cruzi genomic DNA 
fragments are purified and ligated in\:MV.UB.PBA vector digested with similar 
enzymes. The CMV.UB.PBA vector ^designed such that the T. cruzi genomic 
DNA inserts are transcribed through strong cytomegalovirus promoter and the 
translation initiates with a ubiquitin terminal fusion. This vector when used for 

5 genetic immunization allows high level production of the fusion protein, and the 
antigenic protein is targeted to the proteosomy 0 r efficient processing and 
presentation. The T. cruzi genomic library in eu^caryotic expression vector 
CMV.UB.PBA is then screened using the ELI approach for the isolation of 
individual protective genes. 
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Generation of "repeat-less" ORF -library. Although high copy, related gene 
families are in general present in kinetoplastids, the T. cruzi genome is especially 
rich in repeat gene families. The presence of these gene families (e.g. trans- 
sialidases (TS), mucins, cruzipains, LITc repeats etc.) which contain 100s- 1000s of 
5 members sharing high homology could be of particular concern when screening the 
T. cruzi genome for protective genes. If the majority of members of these gene 
families exhibit protective capability, and are distributed randomly in the 96-well 
plates containing ORF-library, then we may end up identifying TS or other family 
members only as protective genes during library screening by ELI. We have 
10 already demonstrated that a significant level of protection from T. cruzi infection 
can be generated by immunization with three members (TSA-1, ASP-1, ASP-2) of 
the TS-gene family (Preliminary Studies). However, 1000s of trans-sialidase family 
members, which are not known to have any functional significance are considered 
to be more susceptible to variation in epitopes and loss among different strains of T. 
1 5 cruzi than the house-keeping genes which are evolutionarily more conserved. 
Therefore, a vaccine constituted of repeat genes may not prove to be as effective 
against different strains of T. cruzi as a vaccine made of low copy, essential 
conserved genes. 

If the presence of repeat genes inhibits our attempts to identify low copy 
20 protective genes, we will use a "repeat-less" ORF library (devoid of genes 
belonging to large gene-families) for screening by ELI. For this, ORF-library 
clones from 96-well plates will be transferred to nitrocellulose filters, uv cross 
linked, and hybridized at low stringency with radioactive probes derived from TS 
family genes (ASP-1, ASP-2 and TSA-1), cruzipain repeats containing conserved 
25 sequences, mucin family members containing highly conserved N and C-terminal 
domains and LITc repeats. Clones identified as members of the large gene families 
by dot-blot hybridization then will not be included during pooling of clones from 
ORF-library and "repeatless" ORF-library will be screened by ELI for protective 
genes. 
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Evaluation of libraries. The pCDNA3/r. cruzi library clones were analyzed 
for random and complete representation of the T. cruzi genome by sequencing 30 
random clones. Approximately 40% of the sequences are expected to match the 
sequences of trypanosomatids or other organisms already in the public databases. 
Sequence analysis was performed, and suggests that this library does not consist of 
selective gene family members only, and that non-family members that are present 
at low copy number in T. cruzi genome are represented at the desired frequency. 
The randomness of the library will be farther confirmed by screening -2000 
randomly chosen clones in the library (20 x 96-well plates) by dot blot hybridization 
using radio-labeled transialidases, mucins, sires, El -3 repeats and mini/maxi circles 
probes. The randomness of the library can be assessed based upon the probability 
of presence of these genes in T. cruzi genome compared to what is found in the 
library. To determine that majority of the pCDNA3/I cruzi library clones stored in 
the library contained inserts, 100 clones were analyzed by restriction digestion and 
PCR amplification. These experiments suggest that -70-80% clones in the library 
contain inserts of various sizes (in the range of 200-500 bp). 

The ORF-library will likewise be evaluated for representation of the T. cruzi 
genome. 5' and 3' ends of the inserts from 100 randomly picked ORF-clones will be 
sequenced. Representation of the genome in the ORF-library will also be confirmed 
by hybridization mapping with 32 P labeled T. cruzi high copy number genes (genes 
encoding trans-sialidase family proteins, mucins, amastins, tubulins and cruzipain). 
Hybridization of the ORF-library with low copy number genes (gp72, one copy, 
glyceraldehyde phosphate dehydrogenase, 2 copies) will confirm the presence of a 
majority of T. cruzi genes in ORF-library. To confirm that the genes cloned in 
pORF.GFP are expressed in mammalian cells, some of the randomly picked 
plasmid preparations from individual and mixtures of clones will be transiently 
transfected in COS7 cells and the transfectants tested for the expression by 
immunofluorescent staining with polyclonal anti-T. cruzi serum. The lack of GFP 
expression in mammalian cells will confirm that fusion proteins are not made in 
eukaryotic cells. This technique has been previously used in our lab to demonstrate 
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the expression of TSA-1, ASP-1 and ASP-2 encoding genes cloned in genetic 
immunization vectors. 

Effect of genetic vaccines on protection and survival from T. cruzi infection. 
The determination of relative efficiency of each sub-library, plate-pool or sets of 
genes to elicit immune responses and provide protection from T. cruzi infection is 
estimated based upon the quantitation of blood and tissue parasites in the acute 
phase and survival from infection. 

C57/BL6 mice were immunized twice at an interval of 6 weeks with 
pCDNA3 vector only, or with a plate pool of pCDNA3/7. cruzi library clones (96 
clones, ~1 \ig each) with/or without IL-12 and GM-CSF cytokine adjuvants (10 \ig 
each). Mice immunized with ASP-1 +ASP-2+TS A- 1 (1 |ig each)+IL-12+GM-CSF 
(10 (ig each) were used as positive control. Mice were challenged with 100,000 
BFT of T. cruzi (Brazil) two weeks post-immunization, and observed for survival 
from infection. It was observed that 60% of the mice (3 out of 5) immunized with 
pCDNA3 library pool with or without cytokine adjuvants, and 80% mice (4 out of 
5) immunized with a mixture of ASP-l+ASP-2+TSA-l (1 \ig each)+IL-12+GM- 
CSF survived T. cruzi infection at least 80 days post-infection while all mice 
injected with control vector (pCDNA3 only) succumbed to T. cruzi infection by 65 
days post-infection. These results suggest that elicitation of protective immune 
responses by immunization of mice with pools of 96 clones is feasible. 

The Brazil strain of T. cruzi is used for infection studies because the 
infection and disease development in various mouse strains this strain is well 
characterized. Screening of SylvioX10/7 ORF-library for protective genes using 
Brazil strain for infection will also provide evidence for cross-strain protection. To 
analyze the ORF.GFP vector library, BALB/cByJ mice (Jackson laboratories) will 
be used for these studies. These mice exhibit an intermediate resistance to T. cruzi 
(Brazil strain) depending upon the number of infectious trypomastigotes of the 
Brazil strain injected. 80-100% mice infected with 5 x 10 4 -1 x 10 5 blood-form 
trypomastigotes succumb to infection within 30-50 days post-infection. 
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Bacterial clones obtained from subcloning of pools of inserts into 
CMV.UB.PBA vector will be amplified on LB-agar plates overnight at 37°C. This 
will assure the growth of slow growing bacterial clones which are overtaken by fast 
growing clones when cultured together. Bacterial cultures from each agar plate will 
5 then be harvested in a total of 1 5 mL LB and plasmids purified using EndoFree 
Plasmid Maxi Kit (Qiagen) and Precipitate (LigoChem Inc). DNA will be injected 
in the quadriceps muscle of mice (6/group). Use of endotoxin-free plasmid DNA 
will ensure that immune responses are not induced due to injection of bacterial 
lipopolysaccharides (potent inflammatory agents). Mice will be immunized twice at 
10 a 45 day interval (we have found this interval to be optimum for induction of 

immune responses and protection from T. cruzi infection in previous studies. Mice 
injected with the vector alone or CMVI.UBF3/2.ASP-2 will be used as negative and 
positive controls, respectively. 

Two weeks following the second immunization, mice will be challenged 
15 with a lethal dose ( 1 0 5 /mouse) of BFT of the Brazil strain of T. cruzi by 

intraperitoneal injection. The efficacy of each pool of genes to provide protection 
from T. cruzi infection will be evaluated by the following parameters: 

(i) Parasitemia: Parasitemias in tail vein blood will be monitored at weekly 
intervals by microscopic counting of trypomastigotes present in blood and/or 
20 estimating the luciferase activity in transfectant T. cruzi in blood using standard 
techniques. The parasite counting technique is time consuming and is also limiting 
in sensitivity and accuracy because it often misses significant numbers of 
amastigotes that are present in circulation. Because of these drawbacks, we have 
recently developed the T. cruzi transfectants expressing fire-fly luciferase and have 
25 adapted methods for the rapid detection of luciferase activity and thus parasite 
number in blood. 

Luciferase expressing Brazil strain transfectants were generated by the 
introduction of the firefly luciferase reporter vector pHD421Bner into epimastigotes 
of T. cruzi Brazil strain by electroporation. pHD421Bner is a derivative of the 
30 trypanosome expression vector pHD42 1 in which the T. brucei tubulin sequences 
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were replaced with the T. cruzi beta tubulin sequences to allow targeted integration 
into the T. cruzi genome by homologous recombination. Additionally, the native 5' 
UR. of the luciferase gene was replaced with the expression enhancer sequence ner- 
ACC (1) at the -1 position. Transfectant epimastigotes were selected in the 
5 presence of hygromycin (1 mg/ml) and luciferase activity is estimated using 
Promega's Luciferase Assay System and a Tropix Luminometer. 

(ii) Histological detection of tissue parasites: Although parasitemia 
provides a quick and relatively easy measure of resistance to infection, parasite 
level is not a good prediction of survival. To obtain a second measure of parasite 

1 0 control, quantitation of the parasite load in various tissues of immunized/infected 
mice during the acute phase of infection (30-50 days post-infection) will be used to 
determine the ability of genetic immunization to control the infection. For this, one 
mouse from each group will be sacrificed 30 days post-infection, and heart, liver, 
kidney, spleen and skeletal muscle tissue will be collected. Tissues will be fixed 

1 5 with 10% formalin, dehydrated in absolute ethanol, cleared in xylene and embedded 
in paraffin. Five micron thick sections will be cut and stained with hematoxylin & 
eosin and analyzed using light microscopy. Tissue sections will be examined in a 
blinded fashion and scored according to extent of tissue parasitism. 

(iii) Survival from infection: Mortality wall be recorded daily. 

20 We believe that evaluation of infected mice to control the T. cruzi infection 

based upon the above parameters will provide a relatively easy and quick estimation 

of the efficacy of genetic vaccines. 

Characterization of inserts mediating protection. We are aiming at 

identification of 20-50 protective genes by screening of ORF-library by ELI. 
25 Though full characterization of these genes during the course of this project will not 

be possible, attempts will be made to determine the function of these genes based 

upon following parameters: 

(i) End sequencing: The genes identified based upon their capability to 

generate protection from T. cruzi infection will be sequenced at the 5' and 3 * ends 
30 using vector specific oligonucleotide primers. Based upon results from the 
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sequencing of tiypanosomatid genes, we expect to find homologies for ~ 40% of 
the inserts present in sequenced plasmids. We will fully sequence those genes for 
which no homology is found among sequences in the public databases. The 
presence of the N-terminal signal sequence, COOH-terminal cleavage and GPI- 
5 anchor addition signal sequence, hydrophobic regions or other motifs will be used 
to help determine the identification, function and localization of these gene 
products. 

(ii) Cloning of complete gene: It is likely that many of the protective ORF- 
clones will not contain complete genes. Because we plan to identify 20-50 genes, 

10 attempts to recover full genes will be done for very few of the protective inserts. ' 
Those for which full genes might be sought would include inserts in plasmids that 
yield very high levels of protection but which appear from sequence information to 
be incomplete and for which the available sequence provide no clue as to the 
identity or function of the encoded gene products. Under these situations, we would 

1 5 use gene splicing by overlapping extension (SOE) PCR (successfully used by us to 
obtain the full sequence of ASP-2 gene) for identification and cloning of the 
complete gene. 

(iii) Functional characterization: Functional analysis will be done for only a 
few of highly protective ORF-clones for which complete genes are identified. To 

20 produce the antibodies against these selected gene products, mice (3/gene) will be 
immunized with the genetic vaccine along with the GM-CSF encoding plasmid (33 
\ig each DNA/mouse) twice at an interval of 45 days. We have successfully used 
this protocol to produce anti-ASP-I, ASP-2 and TSA-1 antibodies. Staining of the 
permeabilized and unpermeabilized parasites (epimastigotes, trypomastigotes and 

25 amastigotes) with antibody and visualization by confocal microscopy will determine 
the stage of expression as well as localization of the protein. Western blotting of the 
cell lysate from three developmental stages of T. cruzi with the antibodies will also 
confirm the stage of expression and size of the proteins encoded by those genes. 
Scanning of the microarrays for genes upregulated in different developmental stages 
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might provide some information about stage specific expression of some of the 
protective genes identified by ELI. 

Effect of genetic immunization on parasite burden during the chronic phase 
ofT. cruzi infection. To determine if genetic immunization decreases the disease 
5 severity in chronic stage of infected mice, mice which survive infection following 
genetic immunization will be examined for tissue parasite load and for the presence 
of inflammation. Surviving mice at > 120 days post-infection will be compared to 
control mice injected with empty vector DNA alone, and challenged with 1000 
trypomastigotes (a majority of the control mice infected with this low dose of T. 
1 0 cruzi will be able to control the acute infection and survive into the chronic phase of 
chagasic myocardiomyopathy). Mice will be sacrificed during chronic phase of T. 
cruzi infection and analyzed for parasite load and for the severity of disease. 

These experiments will assess the effect of immunization on blood parasite 
load. However, the level of parasites in the blood does not always correlate with the 
1 5 tissue parasite load. Also, once the chronic phase of infection is reached, detection 
of parasites by standard histological approaches is very difficult. Therefore, the 
effect of immunization on the parasite burden in the heart and skeletal muscles of 
mice will be assessed by more sensitive techniques and compared to parasite load in 
unvaccinated/infected control group mice. 
20 (i) Enzymatic estimation of luciferase activity in various tissues: The T. 

cruzi Brazil strain parasites to be used for challenge infection in these studies is 
transfected with a gene encoding cytoplasmic luciferase (LUC). These transfectants 
express a very high level of luciferase activity which can be estimated by fairly easy 
and standard methods (described above). We are already using these transfectants 
25 for sensitive and accurate determination of parasite levels as compared to 
microscopy counting in vitro infection studies. To determine the effect of 
immunization with pools from ORF-library on the parasite burden in heart and 
skeletal muscles of infected mice, one mouse from each surviving group will be 
sacrificed and proteins from heart tissue and skeletal muscles will be extracted and 
30 quantitated for luciferase activity using kits supplied by Promega. Comparison of 
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the specific enzyme activity from immunized/infected mice to control infected mice 
will then determine the effect of immunization in controlling the tissue parasite 
burden. Number of parasites in a specific tissue will be calculated by reference to a 
standard curve. 

(ii) Competitive PCR: To quantitate the effect of immunization on tissue 
parasite load, total DNA isolated from various organs of the infected mice will be 
used as template for competitive PCR. PCR will be carried out using T. cruzi 
kDNA specific oligonucleotides 5 '-GGTTCGATTGGGGTTGGTGTAATATA-3 ' 
(SEQ ID NO: 16) and 5 ' - AAATAATGTACGGGT/GGAG ATGC ATG A-3 ' (SEQ ID 
NO: 17) as forward and reverse primers respectively to amplify a 330 bp fragment. 
Plasmid pBSKILL containing 442 bp fragment of IL-2 gene (57-497 bp) as stuffer 
fragment flanked by kDNA specific sequences will be used as competitor for 
performance of quantitation by competitive PCR. 

(iii) Detection W T. cruzi by in situ PCR: In situ PCR amplification of T. 
1 5 cruzi minicircle kinetoplW DNA (kDNA) has been used to detect parasites or 

7 parasite derived DNA in infected tissue. The high sensitivity of this procedure is 

\p> / \ 

s/ enhanced by the fact that eacji parasite has 5- 1 0,000 copies of minicircles, and each 
( minicircle has 4 copies of conserved regions, which are to be used as targets for 

PCR amplification of kDNA. If^arasites can not be detected in immunized mice by 
20 enzymatic and competitive PCR techniques, then further confirmation of clearance 
of parasites and cure from disease will be done by monitoring the presence of 
parasites in tissues of the mice by in situ PCR. Tissues from the heart or skeletal 
muscle of infected mice will be processed, sectioned and fixed as previously 
described (60). kDNA-specific oligonucle\tides 5'- 
25 GGTTCGATTGGGGTTGGTGTAATATAV (SEQ ID NO: 1 8) and biotin-labeled 
5-AAATAATGTACGGGT/GGAGATGCATGA-3' (SEQ ID NO: 19) as forward 
and reverse primers will be used for amplification by PCR. PCR products will be 

detected with avidin-peroxidase and color developed with 3\3'-diaminobenzidine 

\ 

tetrahydrochloride. Sections will be counter-stained, with hematoxylin and 
30 visualized by light microscopy. At least 200-microsoppic fields from different 
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sections of the heart ^nd skeletal muscles tissue of mice will be screened for the 
presence of parasites. Comparison of the number of parasitic foci in tissue from 
immunized/infected mice\^control infected mice will determine the effect of 
immunization in controlling uhr tissue parasite burden. 



Effect of genetic immunization on disease severity. Based upon our previous 
studies, we expect that a reduction in acute phase parasitization and chronic parasite 
load will correlate with a reduction in inflammatory disease. To determine the 
quantitative effect of immunization with pools or sets of genes from ORF-library on 
disease severity in chronically infected mice, techniques well standardized in our 
laboratory will be used. Heart and skeletal muscle tissue from 
immunized/challenged mice will be fixed, embedded in paraffin, and five micron 
sections stained with hematoxylin and eosin will be analyzed using light 
microscopy. Tissue sections from mice infected without vaccination will be used as 
control. Tissue sections will be scored from 0 to 4 in blind studies according to the 
extent of tissue damage from normal to total wall involvement. 

Example VII. 

Identification of Immunogenic Polypeptides Using DNA Microarray 

Technology 

DNA microarrays provide the means to monitor the expression of many or 
all genes in a genome, under different growth conditions, during different 
developmental stages, or in different tissues. This technology will be used to 
identify genes whose expression is upregulated in T. cruzi during the intracellular 
amastigote stage of the infectious cycle, soon after infection of the host cell. This 
focus is based upon the reasoning that the protein products of such genes would be 
among the first to reach the class I MHC processing and presentation pathway and 
thus would serve as early indicators to the immune system of the infection status of 
host cells. We believe that amastigote target antigens are part of the "missing link" 
for vaccine development in T. cruzi. We showed in Example II that the CD8 T cell 
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population, the primary role of which is to recognize and kill host cells harboring 
intracellular pathogens, is very important for immune control of T. cruzi. 
Furthermore, we showed that transfer of T. ^/-specific CDS' T cell lines, or 
immunizations which induce parasite-specific CD^ T cell responses to amastigote- 
5 expressed proteins, are protective in murine models of T. cruzi infection. 

Scanning and arraying equipment. An microarrayer based on the design, 
plans, and software made available by the Pat Brown lab group at Stanford 
University (http://cmgm.stanford.edu/pbrownO will be constructed, and a scanner 
from Genetic Microsystems will be purchased. Arrays are hybridized with 
10 fluorophore-labeled cDNA as described below, scanned, and the data from a 
complete scan is reconstructed to yield a pseudoimage (usually a TIFF image). 

Production of DNA for arraying. The 20,000 member clonal ORF library 
obtained as described in Example VI will be used to prepare the DNA to be arrayed. 
PCR products from various DNAs can be spotted onto slides. Alternatively, whole 
15 plasmid DNA purified from the 20,000 clones can be used directly for the 

production of microarrays, thus saving the considerable time and expense of the 
20,000 PCR reactions. Each microarray will contain a number of positive and 
negative controls. Positive controls will include genes known to be 
developmental^ regulated in T. cruzi, including amastin, porin and gp72 to 
20 represent amastigote, trypomastigote and epimastigote expressed genes, 
respectively. T. cruzi genes for which we expect a relatively stable level of 
expression in the different life cycle stages include actin, tubulin, and GAPDH. The 
pORF.GFP vector without inserts and murine cDNA encoding cytokine genes will 
also be included as negative controls. The control DNAs to be included in the arrays 
25 will be produced by PCR using sequence specific primers and genomic or plasmid 
DNA as template. 

Spotting of DNAs in microarrays. Detailed protocols for most steps in the 
process are readily available in the literature (J. DeRisi et al., N^LGenet. 14:457- 
460 (1996); J. DeRisi et al.. Science 278:680-686 (1997)). Slides are normally 
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prepared using silanization or by coating with poly-L-lysine. The arrays will be 
probed with cDNAs isolated from T. cruzi at different stages of development. 

Sources ofcDNAfor screening. Synchronized cultures of parasites at 
different time points during conversion from trypomastigotes to amastigotes will be 
5 obtained by acid induction of conversion of freshly derived trypomastigotes or by 
harvesting Vero cells to which freshly isolated trypomastigotes have been added for 
various periods of time. Initially, we will isolate mRNA from parasites or parasite- 
infected host cells at one or two time points in the infection/conversion process, 
time 0 (immediately upon addition of trypomastigotes to host cells or just prior to 
1 0 exposure to acid in the case of the acid-conversion protocol), 12 hours and 24 hours 
post-infection/induction. Infective trypomastigotes not more than 2 hours post- 
release from heavily infected Vero cells cultured in T-75 flasks will be collected as 
"synchronized" trypomastigotes. 

Production of labeled cDNAs. Brazil strain T. cruzi trypomastigotes from 
1 5 monolayers of Vero cells at 37°C in a 5% C0 2 atmosphere will be harvested by 
centrifugation of culture supernatants at 1,500 X g for 10 minutes at room 
temperature. Fresh T500 flasks containing semi-confluent monolayers of Vero cells 
will be infected with 20 trypomastigotes per cell (approximately 2.3 X 10 8 parasites) 
and total RNA isolated immediately (to provide the baseline mRNA expression 
20 levels) or the cultures rinsed after 2 hours to remove non-infecting parasites and the 
mRNA isolated at 12 or 24 hours post infection. Alternatively, amastigotes will be 
obtained by acid treatment of trypomastigotes: freshly harvested cell culture 
trypomastigotes are resuspended at 5 X 10 6 /ml in DMEM containing 0.4% BSA 
(DMEM-BSA) buffered with 20 mM MES, pH 5 and incubated at 37°C in 5% CO, 
25 for 0 (and harvested for baseline mRNA) or after 4 hours, centrifuged and 
resuspended in bicarbonate-buffered DMEM-BSA, pH 7.5 and incubated for 
another 8 or 16 hours at 37°C in 5% CO,. 

Total RNA is isolated by adding 5 mL of Ultraspec™ II RNA reagent 
(Biotecx Laboratories. Inc. Houston, TX) directly to each washed flask and the 
30 resulting lysate is passed repeatedly through a pipette before being transferred to a 
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10 ml polypropylene tube. The homogenate is held on ice for 5 minutes to allow 
the dissociation of ribonucleoprotein complexes. Total RNA is extracted by the 
addition of 1 ml chloroform. After vortexing for 1 5 sec, the sample is centrifuged at 
12,000 X g for 15 minutes at 4°C. The aqueous phase (2.5-3.0 ml) is transferred to 
5 1.5 ml polypropylene microcentrifuge tubes, 0.5 vol of isopropanol is added, and 
the tubes are vortexed. To bind the RNA, 0.05 vol of RNATack™ resin (Biotecx 
Laboratories) is added and mixed by vortexing for 30 sec. The tubes are spun for 1 
minute in a microcentrifuge. The supernatant fluid is discarded and the pellet is 
washed twice with 7 5 o/ 0 ethanol. The pellet is dried briefly under vacuum to 
10 remove any traces of ethanol and resuspended in 0.1 vol of diethylpyrocarbonate 
(DEPC) treated water. After a brief spin to pellet the resin, the supernatant RNA is 
transferred to a fresh tube and quantitated by UV spectrophotometry. 
Approximately 300-400 ug of total RNA is obtained from one T500 flask. The 
method of total RNA isolation from axenically induced amastigote forms is 
15 essentially the same except that the parasites are harvested by centrifugation and the 
pellet is resuspended directly in Ultraspec™ reage nt at a density of 1 X 10* cells per 
ml. 

Labeled first strand cDNA is synthesized from the total RNA samples using 
Superscript™ II reverse transcriptase (BRL Life Technologies) and CyDye labeled 

20 fluorescent nucleotides (Cy3-dUTP and Cy5-dUTP, Amersham Corp.). In a sterile 
0.5 ml microfuge tube first strand buffer, oligo d(T)12-18, 10X low T dNTP mix, 
Cy3 or Cy5-dUTP (1 uM), DTT, Rnasin, and total RNA are added. The tube is ' 
incubated at 65T for 5 minutes and cooled to 42°C. Two microliters (400U) of 
Superscript™ II enzyme are added and the reaction is held at 42°C for 25 min. 

25 Another 2 ul of enzyme are added, and the reaction is incubated for 35 minutes at 
42"C. The reaction is stopped by the addition of5ul of 500 mMEDTA. To 
hydrolyze residual RNA, 10 ul of 1 M NaOH are added and the sample is incubated 
at 65°C for 1 hour. The sample is cooled to 25°C and 25 ul of 1 M TrisHCl, pH 7 5 
are added to neutralize the NaOH. The entire labeled sample is transferred to a 
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Microcon-30 microconcentrator (Amicon) and centriftiged at 14,000 rpm in a 
microfiige until the volume is reduced to 20 ul. 

Hybridization of arrays. Hybridization of the labeled cDNAs with the 
microarrays is done in custom-made hybridization chambers (design and CAD 
5 drawings available from the Brown web page or completed units can be purchased 
from TeleChem). The chambers are loaded with 5.0 (il of hybridization buffer (to 
maintain conditions of 100% humidity in the cassette chamber thus preventing 
evaporation of the hybridization solution) prior to addition of the array slide. 
Approximately 10 ul of hybridization solution containing the fluorophore-labeled 
1 0 cDNAs are added to the array on the slide and a coverslip placed. Standard 

hybridization buffers for microarray experiments contain 5X SSC and 0.2% SDS. 
The hybridization chamber is then sealed and immersed in a hot water bath 
(37°C-70°C) for 2-24 hours, depending on the specific application. Long 
hybridization times and low incubation temperatures under high salt conditions are 
1 5 used to favor the annealing of low copy number sequences. Following the 

hybridization, the slides are removed from the hybridization cassette and rinsed in 
0.2X SSC with and then in 0.2X SSC without SDS, dried and scanned. 

Data interpretation. To determine the genes that are upregulated during the 
conversion of trypomastigotes to amastigotes, we will cohybridize an array with 
20 Cy3-labeled trypomastigote-derived cDNA and Cy5-labeled amastigote-derived 
cDNA. The relative green/red signal for each gene will then be determined for each 
spot on the array and the spots showing a relative increase in the Cy5 (red) over Cy3 
(green) identified. In this case, we would expect the majority of spots in the array to 
exhibit a 1:1 ratio of redrgreen, indicating a stable level of expression in the two life 
25 cycle stages. Spots showing a significant change from this ratio (>2: 1 ) indicate 
upregulation in the amastigote stage relative to the trypomastigote stage and will be 
selected for further study. This level of sensitivity of change in expression level has 
been achieved in multiple other studies using equipment and conditions similar to 
those described herein. To assure that the change in expression level observed in 
30 the initial analysis is real, the hybridization will be repeated with the dyes 
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"switched" on the two cDNA probes (i.e. Cy3-Iabeled amastigote-derived cDNA 
and Cy5-labeled trypomastigote cDNA). The change in expression on stage 
conversion will also be monitored by comparison of the 12 hour and 24 hour 
amastigote samples. 

Clone sequencing and gene identification. Clones identified as being 
upregulated in the amastigote stage of the T. cruzi life cycle will be identified, and 
those with the greatest relative increase in expression selected as described above 
for further study. Up to 200 of the most highly upregulated clones will be end- 
sequenced (at the UGA Molecular Genetics Instrumentation Facility) for gene 
identification purposes. Clones containing ORFs for which no homologues can be 
identified based on the clone-end sequencing will be fully sequenced. Using the 
complete sequence information we will then conduct additional homology searches 
in an attempt to establish the identity or putative function of the gene products. We 
will attempt a reasonably exhaustive electronic analysis of each protein sequence, 
following a standard set of protocols (e.g., identification of repeats, signal 
sequences, GPI anchor addition sites or transmembrane regions, domains, cluster 
analysis of homologues, etc. Based on the results of these determinations, a subset 
of these clones will be further investigated for protective function. Novel genes of 
unknown function or with probable function which is consistent with service as 
good vaccine candidates will be tested individually for the ability to confer 
resistance to infection in a murine model of T. cruzi infection, as described in 
previous Examples. This work will be facilitated by the fact that the genes will 
already be in a vector appropriate for DNA vaccination and thus no recloning of the 
inserts will be required. 



Example VIII. 

Production of a Targeted Polypeptide for Use in Protein Vaccine Against 
T. cruzi Infection and Disease 

In this experiment, proteins are transduced at high efficiency into cells. For 
efficient transduction, the transducing substrates are processed such that they are 
capable of unfolding to traverse the bilipid membrane as a linear protein, in 
accordance with the method of S. Schwarze et al. ( Science 285:1569-1572 (1999); 
H. Nagahara et al., Nature Med . 4:1449-1452 (1998)). For example, Schwarze et al. 
report the delivery of biologically active TAT fusion protein to a mouse ( Science 
285: 1 569-1 572 (1 999)). Thus, proteins capable of highly efficient transduction are 
characterized as being unstable (high free energy, AG), misfolded and aqueous 
soluble. In many cases, shock folding from urea to aqueous on the ionic exchange 
column increases biological effect of some/most proteins 5-10 fold vs. dialysis. 
Dialysis, however, can be used as an alternative if desired or necessary. 

The pTAT-produced proteins are typically completely insoluble (>99%) and 
are therefore stored in the inclusion bodies. This not only leads to high yields but 
safekeeping of the fusion proteins from the host proteases. Shock-misfolding of the 
protein preferably takes place on the Mono-Q/S and only requires the presence of 
TAT on the surface of the protein, not on a correctly folded protein. TAT proteins 
are thought to transduce into cells in a linear array and then are likely refolded 
and/or degraded by Hsp90 once inside the cell. 

Buffers. Buffer Z = 8 M urea/100 mM NaCl/20 mM HEPES (pH 8.0); 
Buffer A = 50 mM NaCl/20 mM HEPES (pH 8.0) or (pH 6.5); Buffer B = 1 M 
NaCl/20 mM HEPES (8.0) or (pH 6.5). 

Cloning into pT AT. cDNA encoding T. cruzi Lytl (porin; Fig. 19; SEQ ID 
NO:20) and TSA-1 was cloned into a polylinker of pTAT or pTAT-HA (obtained 
from S.F. Dowdy. Washington University) via restriction enzymes or PCR. The 
TAT protein of HIV is known to cross cell membranes. The plasmid pTAT 
contains the TAT protein transduction domain and is used to produce urea- 
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denatured genetic in-frame TAT fusion proteins (H. Nagahara et al., Nature Med . 
4:1449-1452 (1998)). pTAT is an N' terminal fusion so translation terminations in 
the 5' UTR of cDNA were removed. The ATG in the Ncol site is in-frame. 

5 pTAT LINKER: 

Ncol Kpnl Agel Xhol SphI Eco 

TCC ACC ATG GCC GGT ACC GGT CTC GAG GTG CAT GCG GTG 
GSTMAGTGLEVHAV 

BstBI Hindlll 

AAT TCG AAG CTT (SEQ ID NO:21) 
N S K L (SEQ ID NO:22) 
-followed by 20 amino acids to TAA Ts termination codon. 

pTAT-HA LINKER: 

The HA tag (underlined), flanked by glycine residues, was inserted into the Ncol 
site of pTAT. The N' Ncol site has been inactivated. 

CC ATG TCC GGC TAT CCA TAT GAC GTC CCA GAC TAT GCT GGC 
MSG YPYDVPDYA G 

TCC ATG GCC . . . (SEQ ID NO: 23) 
S M A (SEQ ID NO:24) 

The ligated plasmid was transformed into a high copy number E. coli strain 
BL21. Supercoiled pTAT-cDNA "X" was transformed into BL21(DE3)LysS strain 
(Novagen). Six to ten colonies were pulled for 1 ml overnight culture and IPTG 
was added. Bacteria were centrifuged at 5000 x g for 5 minutes at room 
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temperature, the resuspended into approximately 300 ul 2x SDS sample buffer. The 
mixture was boiled and loaded onto two SDS-PAGE gels along with a negative 
control strain. After electrophoresis, one gel was stained with Coomassie Blue and 
transferred, while the other was probed with anti-HA or cDNA-specific antibody. 
Although the pTAT leader is approximately 3.5 kD, proteins typically migrate 5-10 
kDa larger than their predicted fusion protein size on SDS-PAGE. High producing 
bacterial clones were identified, and glycerol stocks of the clones were made. 

pTA T protein purification. 1 L of media was inoculated with 1 00-200 ml 
overnight culture of BL21 cells containing the pTAT-cDNA "X" plasmid of 
interest, and IPTG was added. The culture was rotated for about 4-6 hours at 37°C. 
Cells were centrifuged at 5000 x g for 5 minutes, the cell pellet was washed with 
-50 ml PBS(-) and centrifuged again. The pellet was resuspended in 10 ml of buffer 
Z (8 M urea/1 00 mM NaCl/20 mM HEPES [pH 8.0]), then sonicated on ice 3x 1 5 
second pulses or until turbid. The mixture was clarified by centrifugation at 12,000 
x g for 10 minutes at 4°C. The supernatant brought to about 10-20 mM imidazole 
and added at room temperature to a pre-equilibrated 3-10 ml Ni-NTA (Qiagen) 
column in buffer Z plus 10-20 mM imidazole. The flow was allowed to proceed by 
gravity or slight air pressure was applied via syringe as required. The flow-through 
(FT) was collected. The column was then washed with approximately 50 ml buffer 
Z plus 10-20 mM imidazole. The His-TAT-X protein was eluted by step-wise 
addition of 5-10 ml each 100, 250, 500, 1 M imidazole steps in buffer Z. Fractions 
containing the protein were identified via SDS-PAGE or immunoblot using the 
12CA5 antibody (anti-HA; Babco) and pooled. Proteins that did not bind at 10-20 
mM imidazole, were passed through a second time at 5, 2 or 1 mM imidazole. 

Ion exchange chromatography. Ion exchange chromatography was carried 
out on a 30 micron 10-40 ml ionic exchange column was packed with Resource Q 
resin (Pharmacia). The HIS-TAT-X protein was loaded onto the column by syringe 
injection. The column was washed with approximately 40 ml buffer A, and the 
protein was eluted with a single step of 1 M NaCl. Fractions containing the protein 
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were pooled and desalted on a PD-10 disposable G-25 Sephadex gravity column 
(Pharmacia) in HEPES (7.2) or PBS(+). 

Basic proteins require a Mono S column compared with acidic proteins 
outlined above. The leader sequence confers a more basic nature to the fusion 
5 proteins. The amount of protein purified will dictate the column size required. 
Further, if the protein binds the Q resin at 8.0 but does not release with 1 M NaCl, 
the pH is reduced by 0.5 units until it still binds and is not present in the flow 
through and elutes with a high yield. In some cases proteins bind a Q resin at pH 
6.5 and 7.0. Alternatively, one can start with an S resin at pH 6.5 and move up 0.5 
1 0 pH units as required. 

Whether purified by dialysis or ionic exchange chromatography, aliquots of 
-250 ul were flash frozen in 10-15% glycerol on dry ice/liquid. N 2 and store at 
-80°C. 

Cellular analyses. About -5-25 ug of protein was labeled with FITC 
15 (Molecular Probes cat. #F-1906) in 300 ul, 2 hour, room temperature in the dark, 
following manufacturer's instructions. The labeled protein was then injected into a 
gel filtration column (S-12, S-6, S-200) in PBS or a PD-10 column (Pharmacia). 
Fractions containing purified labeled protein were collected and pooled. About 
100-400 ul of purified TAT-FITC fusion protein was added to -1 x 10 6 cells in 
20 media/FBS (nonadherent cells are best experimentally), and transduction was 
evaluated at t=0', 15', 30', 45', 60' on FACS (FL-1). The cells were analyzed 
directly in media or fix in 4% paraformaldehyde. The fixed cells are used for 
microscopy. Essentially 100% of the cells demonstrated intracellular localization of 
the protein. 

25 

The complete disclosures of all patents, patent applications including 
provisional patent applications, and publications, and electronically available 
material (e.g.. GenBank amino acid and nucleotide sequence deposits) cited herein 
are incorporated by reference. The foregoing detailed description and examples 
30 have been provided for clarity of understanding only. No unnecessary limitations 
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are to be understood therefrom. The invention is not limited to the exact details 
shown and described; many variations will be apparent to one skilled in the art and 
are intended to be included within the invention defined by the claims. 
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